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ABSTRACT
In electrochemical energy devices, including fuel cells, electrolyzers and batteries, the
electrochemical reactions occur only on triple phase boundaries (TPBs). The boundaries
provide the conductors for electros and protons, the catalysts for electrochemical reactions
and the effective pathways for transport of reactants and products. The interfaces have a
critical impact on the overall performance and cost of the devices in which they are
incorporated, and therefore could be a key feature to optimize in order to turn a prototype
into a commercially viable product. For electrolysis of water, proton exchange membrane
electrolyzer cells (PEMECs) have several advantages compared to other electrolysis
processes, including greater energy efficiency, higher product purity, and a more compact
design. In addition, the integration of renewable energy sources with water electrolysis is
very attractive because it can be accomplished with high efficiency, flexibility, and
sustainability. However, there is a lack in fundamental understanding of rapid and
microscale electrochemical reactions and microfluidics in PEMECs. This research
investigates the multiscale behaviors of electrochemical reactions and microfluidics in a
PEMEC by coupling an innovative design of the PEMEC with a high-speed and microscale visualization system (HMVS). The results of the investigation are used to aid in
revealing the electrochemical reaction mechanisms and the microfluidics behavior
including bubble generation, growth and detachment, which all together play a very
important role in the optimization of the design of PEMECs. The effects of operating
parameters such as current density, temperature and pressure on the electrochemical
reactions and the microfluidics are determined and analyzed by mathematical models of
PEMECs, which also match the experimental results. Improved understanding of the
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electrochemical reactions and microfluidics in PEMECs can not only help to optimize their
designs, but can also help advance many other applications in energy, environment and
defense research fields.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1 Motivation
The demand for power has increased rapidly over the past decades, due to economic growth,
population expansion, and industrialization of developing countries worldwide. Meeting
this demand can be difficult and often result in high levels of pollutions and greenhouse
gases (GHG) emissions, thus creating serious health and environmental concerns and
elevating indirect cost on society. Industries, such as power generation, manufacturing and
transportation, often rely on non-renewable resources that stress the energy grid and
accelerating the pollution of atmosphere. To combat those issues, there’s been a shift to
employ renewable technology, a superior method energy generation from nature resources,
such as hydro, wind and solar. Renewables are well suited for diverse of energy demands
and various industries by providing sustainable, clean and efficiency energy. Free of harm
for pollution or GHG emissions. However, intermittent power disruptions are common
with dealing with renewable resources. This occurs where there is mismatch between the
supplier energy generated and consumption demanded. Energy storage eases intermittent
power disruptions by storing excess power generated from renewable resources at the time
of low demand and distributing the power at the periods of heightened demand. This helps
balance the load on energy created and reduce dependence on nonrenewable resources.
Hydrogen, as a high-energy density and environmentally friendly fuel, is expected to be
one of the most promising energy carriers in the near future [1-4]. However, hydrogen is
not an energy source; it doesn’t exist in nature in its elemental or molecular form; therefore,
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hydrogen must be produced. Water electrolysis, a carbon free way to produce fuel when
coupled with renewable or nuclear energy sources, can split water into hydrogen and
oxygen by using electrical power. The integration of a sustainable energy source and water
electrolysis as shown in Figure 1.1 is very attractive because of its high efficiency, lack of
carbon and numerous applications, although the cost is still higher than other conventional
energy sources [5-10]. Proton exchange membrane electrolyzer cells (PEMECs) have a
number of advantages compared to other electrolysis processes, including production of
hydrogen at a higher purity, capable of operation at higher current density on the electrodes
leading to faster reaction, and the ability to operate at pressures up to 200 bar thus providing
the advantage of delivering the hydrogen at a high pressure for the end user. These benefits
all contribute to the choice of PEM based electrolysis as the best method to supply
hydrogen [11-14]. Although the first solid polymer electrolyte cell has been built in 1960s
by General Electrics Ltd [15], PEMECs have several big obstacles to overcome to be
widely used in hydrogen production industry, including cost, durability and efficiency [13].
PEMECs use proton exchange membranes (PEMs) as an electrolyte that permits the
transfer of protons from anode to cathode, and employ RuIrOx and Pt Black as the anode
and cathode catalysts, respectively [8, 16]. The main effects on costs are noble metal
catalyst loading/catalyst utilization for electrochemical reaction and degradation of layers
and interfacial contacts of PEMECs under the electrochemical reaction. In PEMECs, the
oxygen is generated at the anode side by triple-phase boundary reactions, and the water
flowing over the liquid/gas diffusion layer (LGDL) yield two-phase transport conditions,
which strongly affect the performance [17]. It has become more critical for understanding
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Figure 1.1. Schematics of applications of PEM electrolyzer cells for energy storage
coupled with sustainable energy sources.
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the fundamental principle of electrochemical reaction and microfluidics in PEMECs. The
aim of this study is to investigate the mechanism of electrochemical reaction and behavior
of microfluidics inside the PEMECs to aid in optimization of developing a highperformance and low-cost sustainable energy storage system.

1.2 Background
Hydrogen as a clean and environmentally acceptable fuel is expected to be one of the most
promising energy carriers in the near future. Water electrolysis is one of the most attractive
solutions to produce hydrogen in a clean and efficient way, and it is also considered a
significant technique in the solutions of both energy and environment, since it can split the
water into hydrogen and oxygen coupled with renewable energy resources such as wind or
solar. Electrolysis of water is the decomposition of water into oxygen and hydrogen gas
due to an electric current being passed through the water. The reaction with the
thermodynamic energy values is described in following Equation (1).
𝑘𝑗

𝑘𝑗

𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

𝐻2 𝑂 + 237.2 𝑚𝑜𝑙 (𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) + 48.6 𝑚𝑜𝑙 (ℎ𝑒𝑎𝑡) →

1

𝐻2 + 2 𝑂2

(1)

The stoichiometric equations for the electrochemical reactions at both side of PEMEC are
the same as other methods of water electrolysis, as shown in below Equation (2) and
Equation (3).
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

Anode: 2𝐻2 𝑂 →

4𝐻 + + 𝑂2 + 4𝑒 −
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

Cathode: 4𝐻 + + 4𝑒 − →

2𝐻2

(2)
(3)

Oxygen and hydrogen gas can be generated at noble metal loaded catalyst layer. At the
positively charged anode, an oxidation reaction occurs, generating oxygen gas and giving
electrons to the circuit. At the negatively charged cathode, a reduction reaction takes place,
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with electrons from the circuit being given to hydrogen cations to form hydrogen gas.
Theoretically, the amount of gases produced per unit time is directly related to the current
that passes through the electrochemical cell. The principle of a PEMEC is
electrochemically splitting water into hydrogen and oxygen. During the operation, at the
anode side, water is circulated through a flow field to the membrane electrode assembly
(MEA) where it electrochemically reacts with catalyst and is split into oxygen, protons and
electrons. The protons are then transported through the membrane, react with electrons
from an external electrical circuit, and form hydrogen gas at the cathode, which exits
through the flow channel at cathode side. Meanwhile, the oxygen is transported along with
the water out of the anode. The schematic cross-section view of a PEMEC is shown in
Figure 1.2.
Compare to the conventional methods, with higher energy efficiency/density, faster
charging/discharging, and a more compact design, PEMECs have attracted significantly
attention from the last decade [18]. A PEMEC mainly consists of a membrane electrode
assembly (MEA) sandwiched by two electrodes. As a key component, the MEA is
comprised of the proton exchange membrane, catalyst layers and LGDLs. The schematic
is as shown in Figure 1.3.
To improve the performance and durability of the PEMECs, the catalyst coated membrane
(CCM) of the PEMECs has been studied and developed by many scholars [19, 20]. It has
also been seen in the past researches that metallic cation, especially iron cation,
contaminated the membrane in a PEMFC [21-25]. In CCM, the Nafion ionomer is a
multifunctional component. It acts as a conductor extending proton conduction from the
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Figure 1.2. Schematic of the working process in a PEMEC.
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Figure 1.3. 3D Schematic of the components of a PEMEC.
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PEM membrane to the surface of catalysts, a binder providing a three-dimensional structure
of the catalyst layer, with abundant gas channels and certain mechanical stability, and a
hydrophilic agent retaining moisture inside the catalyst layer. Similar to PEM fuel cells,
the proton exchange membrane is applied as electrolytes that permit the transfer of protons
with high efficiency from anode to cathode in a PEMEC.
The performance of PEMECs is highly depends on properties of the membrane electrode
assembly (MEA), including membrane conductivities, activities of catalyst layers, and
materials of LGDL. Expensive metal catalysts are used for the electrodes, generally Pt for
the cathode and IrRuOx for the anode. Bipolar plates are generally made of titanium [26].
Choosing cheaper catalysts may effectively reduce the cost of PEMECs. However, there
are few options for the researchers developing PEMECs. While carbon paper is widely
used as a LGDL in fuel cells, it is unsuitable in the anode of PEMECs because it is easily
corroded at the high positive potentials and oxidative environment present during water
electrolysis operation [27, 28]. Therefore, studies of interfacial electrical reactions and
two-phase transports on the MEAs of PEMECs, are of reasonable significance. Based on
better fundamental understanding, optimization of the MEAs could improve the
performances, extend the lifetime and reduce the cost of PEMECs currently with noble
metal catalysts.
The performance of PEMECs, like PEM fuel cells, are typically compared by plotting their
polarization curves, which is the relation of the cell voltage against the current density from
the data of modeling or experiments. Based on polarization curves, the primary sources of
overpotential in a PEMEC can be categorized into three main areas: activation losses,
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ohmic losses and mass transport losses. Then the performance of PEMECs can be
evaluated by following Equation (4).
𝑉𝑐𝑒𝑙𝑙 = 𝐸 + 𝑉𝑎𝑐𝑡 + 𝑉𝑜ℎ𝑚 + 𝑉𝑐𝑜𝑛

(4)

The first term E is the open circuit voltage (OCV) and is sometimes referred to as the
reversible cell voltage (𝐸), because it is the theoretical voltage required by the electrolyzer.
The activation overvoltage, 𝑉𝑎𝑐𝑡 ,is the voltage loss attributed to driving the electrochemical
reaction and is necessary to overcome the molecular bonds. The ohmic losses, 𝑉𝑜ℎ𝑚 ,
created by the resistance to the flow of electrons through the current collectors and
separator plates as well as the conduction of protons through membrane and LGDL. The
losses due to mass transfer, 𝑉𝑐𝑜𝑛 ,are caused by flow restriction to the catalyst sites such as
current collector and separator plate morphology as well as gas bubbles formed from the
reaction products [13]. To improving the performance of PEMECs, each of these loses will
be discussed individually in the following paragraphs.
First, the activation overpotential is energy losses in a reaction that can be described as the
amount of energy require to start the reaction. This loss is directly affected by the
temperature, catalyst material, utilization, loading and other factors. Secondly, the ohmic
overpotential across the PEMEC is caused by the conductive resistances of each layers,
interfacial contact resistance between each layers and the resistance of membrane to the
hydrogen ions transporting through it. The ionic resistance of the membrane is related to
the degree of humidification and thickness of the membrane as well as the membrane
temperature. Thirdly, the concentration overpotential occurs when electrochemical
reaction is sufficiently rapid to lower the surface concentration of reactant, which close
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relate to the water supply and oxygen removal in PEMECs. It makes microfluidics
significant effect the performance under high current density.
According to aforementioned situation, there are several challenges in present PEMECs:
reduction and/or substitution of noble catalysts, increase the catalyst utilization,
development of low cost and corrosion resistant LGDL and current collectors, development
of both empirically and physically predictive relations for operating parameters. Those
challenges are all connected to the mechanism and behavior of electrochemical reaction
and microfluidics in PEMECs.

1.3 Significance
To better understanding the mechanism of electrochemical reaction and microfluidics in
PEMECs, a novel design of PEMEC with thin/well tunable LGDL are introduced
specifically to observe the phenomena on the surface of anode catalyst layer and inside
microchannel and micro pores. The multi-phase boundary reactions theory is the common
accepted concept for electrochemical reaction in PEMECs. Better understanding the multiphase boundary reactions inside PEMECs can not only help to design a better LGDL to
improve the performance of PEMECs, but can also direct the distribution pattern
fabrication of catalyst on CCM, which can significant increase the mass activity of catalyst.
Moreover, discovering the behavior of microfluidics in LGDLs and flow channels is also
vital for promoting performance and optimizing the design of PEMECs. These results can
also help validate the comprehensive mathematics models in the future. This research will
provide several future research directions to aid in establishing PEM electrolysis as a
commercially viable hydrogen production solution.
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CHAPTER 2
STAINLESS STEEL LIQUID/GAS DIFFUSION LAYER
2.1 Introduction
Hydrogen, as a high energy and environment friendly fuel, has the potential to be a
promising energy source in the near to intermediate future. An electrolyzer cell taking
advantage of a proton exchange membrane (PEM) has attracted more attention for
renewable energy storage and pure hydrogen/oxygen production due to their higher energy
efficiency/density, faster charging/discharging, and a more compact design [13, 29-31].
The proton exchange membrane electrolyzer cell (PEMEC) splits water into separate
streams of hydrogen and oxygen by using electrical power. The integrations of water
electrolysis and energy from sustainable resources, including solar, wind and biomass, are
very attractive because of its high efficiency, renewable, and pure hydrogen production [3,
7, 8, 14, 32, 33]. Once hydrogen is produced and stored, it can later provide a constant
supply of electricity with a PEM fuel cell (PEMFC), which is a reverse device of the
PEMEC. This regenerative system will allow renewable and hybrid energy systems to
effectively provide reliable and multi-scale energy [34-37]. Compared to traditional
technologies, both PEMECs and PEMFCs take advantage of proton exchange membranes
as electrolytes that permit the transfer of protons with high efficiency. Their performance
is highly dependent on properties of the membrane electrode assembly (MEA), including
conductivity of the membrane, activation energy of the catalyst layers, and the conductivity
and permeability of liquid/gas diffusion layers (LGDLs) [16, 19, 20, 27, 28, 38, 39].
PEMFC performance can also be affected by species concentration variations across and
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within the cells which can reflect changes in reactants and products distribution and
transport, localized and possibly dynamic active-site blocking, and membrane degradation
[40, 41].
Metallic LGDLs and bipolar plates have attracted attentions in both PEMECs and PEMFCs
due to their high conductivity, rapid production, and low cost.[22, 42-45] By taking
advantage of novel designs and micro fabrications, a thin-film metallic LGDL with wellcontrollable pore morphologies and surface properties demonstrated excellent multifunctionalities and water managements [42, 46]. However, its durability has been
challenged due to the aggressive electrochemical environment. In addition, while carbon
paper is widely used as the LGDL in fuel cells, it is unsuitable in the anode side of PEMECs
because it is easily corroded at the high positive potentials and extreme oxidative
environments. Metallic LGDLs with higher corrosion resistance are one potential solution.
Metal corrosion and ion poisoning on MEAs are critical issues especially for low-cost
metals such as stainless steel. Current bipolar plate practically employs the use of more
expensive metals such as titanium, and typically with precious metal coatings such as Pt,
which significantly increase the cost [8]. It has been reported that metallic cations,
especially iron cations, may contaminate the MEA and degrade the performance in
PEMFCs [21-23, 47, 48]. However, to our knowledge, there are few (if any) reports on the
electrode corrosion and transport mechanisms/effects in a MEA, especially with metallic
LGDLs.
In this study, a stainless-steel mesh was purposely employed as the anode LGDL to develop
an understanding of the metal ion migration and deactivation mechanism and identify
alternative materials suitable for use in PEMEC. Scanning electron microscope (SEM)
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characterizations of both anode and cathode LGDLs before and after testing were
performed to compare the extent of metal migration in the materials. X-ray diffraction
(XRD) has been demonstrated to be an effective method that readily provides quantitative
information about the phase-composition of solid material [49, 50]. The LGDLs have also
been analyzed by XRD for the identification of the form of the migrating metals. Migration
of iron across the MEA resulting in the formation of iron oxide on the carbon paper gas
diffusion layer at cathode side is observed, which to our knowledge is the first or among
the first reports of this phenomenon for PEMEC.

2.2 Materials and methods
In the PEMEC used in the present study, both end plates are made of aluminum. The anode
current distributor with a parallel flow field is fabricated from a titanium plate, while the
cathode current distributor is fabricated from copper and coated with nickel and chromium.
The cathode flow field is also a parallel flow field that is fabricated from graphite. Both
anode and cathode gaskets are made from PVC sheets. The cathode LGDL is Toray 090
carbon paper treated with 5% PTFE. The anode LGDL is a type 316 stainless steel mesh
(nominal composition of 316 is 16-18.5% Cr, 10-14% Ni, 2-3% Mo, <2% Mn, <1% Si, all
in weight %). The catalyst-coated membrane (CCM) is Nafion 115 film with Ru/Ir oxides
and Pt employed as anode and cathode catalysts with loadings of 3 mg/cm2, respectively.
Eight evenly distributed bolts assembled the cell to a torque of 40 lb-in. Teflon piping and
fittings were used throughout the system. While the cathode tubing was merely intended
to safely exhaust hydrogen gas, a diaphragm liquid pump from KNF Neuberger was used
to circulate water at a constant volumetric flow rate of 40 ml/min through the anode [39].
The electrolyzer with an active area of 5 cm2 was operated for 15 hours with an average
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operation voltage of 2.8 V at a current density of 1 A/cm2 at room temperature. Before and
after the water electrolyzer testing, the leak and crossover tests were performed with air.
This evaluation produced identical results in the fresh and aged CCMs and no pinhole
formation was found.
The morphological characteristics of the LGDLs were observed with a field emission SEM
JEOL JSM-6320F with an accelerating voltage of 0.5-30kV, a magnification of 500x ~
650,000x and a 5-axis specimen mount. The EDS detector is an EDAX Octane plus Silicon
Drift Detector that works in tandem with EDAX’s TEAM EDS software analysis system.
The system allows for high resolution mapping and highly accurate point analysis at fast
speeds. SEM images were captured, processed, and analyzed by TEAM software.
The characterization of structure and identification of the phase were carried out by XRD
with a Philips X’Pert materials research diffractometer (45kV, 40mA), controlled by
PANalytical’s XRD software, in Bragg Brentano reflection geometry with Cu Kα radiation
(λ=1.5418 Å) and a 2θ scan from 20° to 100° (at 0.01° per 5 second). The diffraction
patterns are analyzed by software MDI Jade9 [51].

2.3 Results and discussion
The experimental results include two major parts: SEM characterizations and XRD
investigations of fresh and used LGDLs from both anode and cathode sides in PEMECs.
Figure 2.1Figure 2.1 shows the SEM images of fresh and used stainless-steel LGDLs at
anode side, which reveals extensive corrosion of the stainless steel mesh after 15 hours of
room temperature operation at a cell voltage of 2.8 V and a current density of 1 A/cm2 in
PEMEC. As shown in Figure 2.1 (A), the surface of fresh stainless steel mesh is smooth,
while the
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Figure 2.1. SEM images of anode stainless steel mesh LGDL, (A) fresh sample; (B) used
sample; (C) Close-up of (B); (D) EDS results.
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operated stainless steel shows a rough, corroded surface, which can be observed clearly in
Figure 2.1 (B) and (C). The electrochemical reaction at anode side during PEMEC
operation can be expressed as equation (5)
2𝐻2 𝑂 → 4𝐻 + + 𝑂2 + 4𝑒 −

(5)

The stainless steel at the anode side in the PEMEC experiences the high oxidative
environment and high positive potentials. And the passive film is reported to be formed on
the surface of stainless steel when the it is in the passive potential region, which is attributed
to both reaction and diffusion mechanisms.[52] The growth of the oxide film is initially
controlled by the oxidation reaction of iron and chrome elements. [53] Then, their
diffusions becomes dominant in the barrier layer.[54] Passive films on stainless steels are
heterogeneous and they have compositional and structural defects. The substance of the
defects and the breakdown mechanism of passive films are still unclear. The reductive
dissolution of the Fe2O3-component in passive films is considered to lead to passive film
breakdown, which results in deeper corrosion in the substrate. [55, 56]. The passive film
adheres loosely on the surface and can be spalled from the substrate surface. Similar
oxidative attacks have been reported for stainless steels in supercritical water [57]. As
shown in Figure 2.1 (C), some of outer loose layer detaches from the substrate, the outer
layer is brittle, and the inside smooth layer is exposed. Based on EDS analysis Figure 2.1
(D), the outer corroded layer is a Fe-base oxide, with the smooth inner layer consistent with
316 metal.
The SEM images of fresh and operated carbon paper of the cathode LGDL is shown in
Figure 2.2. The SEM image Figure 2.2 (A) for fresh carbon indicates the surface of sample
is smooth, and the carbon fibers can be observed clearly. The SEM image of Figure 2.2 (B)
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Figure 2.2. SEM images of cathode carbon paper LGDL, (A) fresh sample; (B) used sample;
(C) Close-up of (B); (D) EDS results.
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for used carbon paper shows the carbon fibers are fully covered by corrosion products,
which is further examined in Figure 2.2 (C). The electrochemical reaction at cathode side
results in hydrogen formation, which can be expressed as equation (6):
4𝐻 + + 4𝑒 − → 2𝐻2

(6)

Since the environment in the cathode side is different from one at the anode side, it is not
expected that the carbon paper would be corroded as badly as shown in the SEM images
of Figure 2.2 (B) and (C). According to this phenomenon, an EDS scan was conducted, the
results of which indicated that the elements of crystal deposited on the surface of carbon
paper were Fe, Ni, and O rich, as shown in Figure 2.2 (D). It can be hypothesized that iron
and nickel ions diffused from the anode side to the cathode side and deposited onto the
surface of the carbon fibers. The ratio of the content of Fe and Ni was roughly 1.5:1.
The X-Ray Diffraction pattern comparisons of anode and cathode LGDLs before and after
testing in PEMECs are shown in Figure 2.3 and Figure2.4 , respectively. From the XRD
pattern for the stainless steel mesh as shown in Figure 2.3 (A), the major phase at anode
side LGDL fresh stainless steel 316 mesh is face-centered cubic austenite, although
additional peaks consistent with deformation-induced alpha prime martensite were also
observed (likely resulted from the mesh manufacturing process) [58]. After PEMEC
operation, it can be observed that the peak intensity of α’(110) became weaker, while the
austenite peak (111) became stronger, according to the XRD pattern of the anode LGDL
as shown in Figure 2.3 (B).
During PEMEC operation, only electrochemical reaction occurred inside the cell, which
kept the stainless steel mesh in the harsh environment at the anode side of PEMECs, caused
the formation of oxide layer on the surface of stainless steel mesh. In the water electrolysis
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Figure 2.3. XRD patterns of anode stainless steel mesh LGDL, (A) fresh sample; (B) used
sample.
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process, the loosely oxide layer formed on the surface of anode LGDL stainless steel mesh
[53, 57]. Since the anode LGDL stainless steel mesh is exposed in the flow of DI water,
the oxide layer can be easily detached from stainless steel substrate due to shear stress of
the flow and dissolved into the flow water. This process results in the phenomena in Figure
2.1 (C), rough outer iron oxide layer and smooth inner stainless steel substrate, which also
has been verified by SEM results.
Figure 2.4 shows the XRD patterns for the cathode LGDL before and after testing,
respectively. As shown in Figure 2.4 (A), the major phase in the cathode LGDL fresh
carbon paper is graphite, which agrees well with reference [59]. After operation of the
PEMEC, the XRD pattern for carbon paper, as show in Figure 2.4 (B), indicates iron oxide
(Fe3O4) and nickel oxide (NiO) formation in the used carbon paper, which is absent in the
fresh carbon paper. Those iron and nickel ions can only come from the anode LGDL, which
is the sole portion of the PEMEC in which iron and nickel exists. In addition to the direct
oxidation of iron, Fe and Ni cations can easily form into oxide in a wet environment [60].
This helps to explain why there is Fe oxide and Ni oxide on the surface of cathode LGDL
carbon paper. This also indicates that the loose oxide layer of stainless steel detached from
the stainless steel substrate, only some Fe oxide and Ni oxide dissolved into water with
PH<7, since Cr oxide is insoluble in water with PH<7, the dissolved Fe and Ni ions
transported from the anode LGDL stainless steel mesh to the cathode LGDL carbon paper
through the catalyst-coated Nafion 115 membrane. The environment in the anode of the
PEMEC is too aggressive for untreated stainless steel. The oxide films formed on 316
stainless steel exposed to anode high potential and extreme oxidative environment showed
poor protection against corrosion. This baseline stainless steel sets a basis for the future
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Figure 2.4. XRD patterns of cathode carbon paper LGDL, (A) fresh sample; (B) used
sample
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evaluation of coatings and/or comparison with other materials like Ti, which is usually
used for metal LGDL in PEMEC.
The XRD patterns as shown in Figure 2.4 were scanned for the cathode LGDL before and
after testing, respectively. XRD pattern of Figure 2.4 (A) indicates that the major crystal in
cathode LGDL fresh carbon paper is graphite-2H, which agree well with reference [59].
After testing in the PEMEC, from the XRD pattern for carbon paper as show in Figure 2.4
(B), some iron oxide exists in the used carbon paper, which is absent in the fresh carbon
paper. This iron oxide can only come from the anode LGDL, which is the sole portion of
the PEMEC in which iron exists. In addition to the direct oxidation of iron, Fe3O4 can easily
oxidize into Fe2O3 in a wet and high oxidative environment [60]. This helps to explain the
reason why there is only Fe2O3 appeared on the cathode LGDL carbon paper, which also
indicates that the iron oxide transported from the anode LGDL stainless steel mesh to the
cathode LGDL carbon paper through the catalyst-coated Nafion 115 membrane.

2.4 Conclusion
For a better understanding of the corrosion mechanisms and ion transitions in
electrochemical devices, a stainless steel mesh was purposely used as anode gas diffusion
layer and was operated in a PEMEC with intentionally higher positive potentials under
harsher oxidative environments. Large amount of iron is found to transport from anode to
cathode, through the anode catalyst layer, the proton exchange membrane and the cathode
catalyst layer. The formation of iron oxide and nickel oxide on single carbon fibers of a
carbon paper gas diffusion layer on the cathode side is observed by both scanning electron
microscope and x-ray diffraction. A visual comparison between SEM images shows that
high levels of oxidation occur in PEMECs at room temperature, especially at the anode
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side. The XRD pattern not only identifies the mechanism of oxidation on LGDLs, but also
tracks the transportation pathways of corrosion from the anode to the cathode through the
membrane along with SEM. The results indicate the corrosion elements of iron and nickel
are transported from anode to cathode across through the catalyst-coated membrane, and
deposited on carbon fibers. The test method and characterization have been demonstrated
to be an effective approach to investigate corrosion mechanisms (transport and reformation)
across MEAs in both quantitative and qualitative aspects. The addressed method could also
open a new opportunity to fabricate multifunctional devices with single carbon fiber. In
addition, this study has demonstrated a new accelerated test method, which can be easily
for investigating the electrochemical corrosion and durability of various metallic materials.
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CHAPTER 3
TITANIUM 3D PRINTING LIQUID/GAS DIFFUSION LAYER
3.1 Introduction
With a high-energy density and no harmful emissions, hydrogen has the potential to play
an important role as an energy carrier in the future [2, 3, 61-65]. However, hydrogen is not
an energy source; it doesn’t exist in nature in its elemental or molecular form; therefore,
hydrogen must be produced. Proton exchange membrane (PEM) water electrolysis, which
was first developed in the mid-1970s by General Electric based on the first solid polymer
electrolyte system deployed the Gemini Space Program [66], has been among the most
efficient and practical means of producing hydrogen to date [67]. In recent years this
technology has been developed significantly and has become more attractive to produce
hydrogen from water and to store energy by taking advantage of renewable energy sources
and new material innovations. Proton exchange membrane electrolyzer cells (PEMECs)
have a number of advantages compared to other electrolysis processes, including
production of hydrogen at a higher purity, capable of operation at higher current density
on the electrodes leading to faster reaction, and the ability to operate at pressures up to 200
bar thus providing the advantage of delivering the hydrogen at a high pressure for the end
user. These benefits all contribute to the choice of PEM based electrolysis as the best
method to supply hydrogen [11-14].
A PEMEC consists of a catalyst-coated membrane sandwiched between anode and cathode
electrodes. Each electrode includes a catalyst layer (CL), a liquid/gas diffusion layer
(LGDL), and a bipolar plate (BP), which also acts as the current distributor (CD) and the
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flow field. All components are fastened by two end plates by eight bolts. When a sufficient
electrical current is applied, water decomposes to oxygen, protons, and electrons at the
anode reaction site. Protons pass through the membrane, which is typically made of Nafion,
to the cathode and react with electrons, supplied by the external circuit, to form hydrogen.
By combining single cells, a PEMEC stack can supply huge amounts of hydrogen and
oxygen that can be stored for later use.

Figure 3.1. Schematic of the functions of LGDL at anode of PEMECs.

One of key challenges for current PEMECs is to improve the performance and cost
efficiency with the most suitable LGDLs, which are located between the catalyst layers
(CLs) and the bipolar plate (BP)/current distributor (CD) in a PEMEC, as shown in Figure
3.1. The LGDLs are expected to transport reactants, electrons, heat, and products, with
minimum voltage, current, thermal, interfacial, and fluidic losses [8, 20, 68-72]. The LGDL
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has to meet the following challenges: (1) Reactant permeability: provide reactant water
access effectively from flow channels to catalyst layers; (2) Product permeability: provide
flow pathways for H2/O2 from catalyst-layer area to flow channels; (3) Electronic
conductivity: provide electrons to all reaction sites; (4) Thermal conductivity: provide
efficient heat transport and uniform heat distribution; and (5) Interfacial and mechanical
properties: provide high corrosion resistance and good contacts (i.e., good interfacial
electrical and thermal conductivity) with the adjacent materials/parts (BP/CD and CL), and
maintain small pressure drops in the flow channel. Thus, effective LGDLs will promote a
uniform current/thermal distribution at the adjacent reaction sites.
Carbon materials (carbon paper or carbon cloth), which are typically used in PEM fuel
cells (PEMFCs), are unsuitable for PEMECs due to the high potential of the oxygen
electrode [73-81]. Metallic LGDLS and bipolar plates have attracted more interest in both
PEMECs and PEMFCs due to their high conductivity, rapid production, and low cost [22,
42-45]. By taking advantage of novel designs and advanced fabrication methods, a thinfilm metallic LGDL with well-controlled pore morphologies and surface properties
demonstrated good functionality and water management in PEMFCs [42, 46, 82]. However,
since material corrosion and consumption will result in poor interfacial contacts, degrading
the PEMEC performance and efficiency, metallic LGDLs with higher corrosion resistance
are strongly desired.
Titanium has received considerable attention as a promising structural/functional material
in aerospace, marine, nuclear, electronics, medical implants, and instruments due to its high
corrosion resistance even at high positive overpotential as well as in highly acidic and
humid conditions; however, difficulty in the machining of titanium and its cost have been
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limiting factors for its widespread application. With the development of additive
manufacturing (AM) technology, which has the advantages of high precision, complex
geometry capability, good repeatability, tooling-free, low-cost, and rapid batch production,
several fabrication solutions for multifunctional and well-tunable LGDLs have become
possible [83-85]. The electron beam melting (EBM) technology, which was
commercialized by Arcam AB Corporation about 15 years ago, has greatly enhanced the
AM capabilities by taking advantage of precisely-controlled and high-energy electron
heating sources.
The EBM process can be utilized to fabricate complex microstructures not possible through
conventional AM methods. Its well-controllable process parameter window coupled with
layer-by-layer fine powders offers a significant flexibility in designing parameters for
various materials with complex internal microstructures and network. The EBM process
has been explored previously for use in medical applications where non-stochastic mesh
structures have been explored to mimic the mechanical response of bone. In addition, the
mesh structure can also be altered to maximize the amount of bone adhesion when
implanted in the body [86-94]. To authors’ knowledge, the EBM additive manufacturing
of titanium-based components of PEMFCs/PEMECs has seldom been publicly reported
[95]. In this study, a titanium porous medium with controllable thickness and pore
morphology was first developed with the EBM additive manufacturing for its application
in PEMECs.

3.2 Materials and methods
A PEMEC was designed and fabricated in lab to conduct the experiments. It mainly
consists of two endplates made from commercial grade aluminum and designed to provide
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even compression pressure on the cell. In order to apply a current to the cell, a copper plate
was inserted at the cathode as a current distributor. The cathode bipolar plate was fabricated
from graphite and used a parallel flow field. The anode bipolar plate was fabricated from
grade 2 titanium, and used a parallel flow field to distribute the flow over the active area
of the cell. The titanium plate also has a function as the current distributor, as shown in
Figure 3.2. In an attempt to maintain even compression and prevent leakage, gaskets for
the LGDLs were fabricated from polyvinyl chloride (PVC). The cell was compressed by
eight evenly distributed bolts, which were tightened to 4.52 N·m of torque during assembly.
It has been verified by testing that the interfacial contact is good enough under this torque,
further increasing the assemble torque won’t reduce the total ohmic resistance. The
electrolyzer had an active area of 5 cm2 and was operated at room temperature.

Figure 3.2. Schematic of a PEMEC with a LGDL of EBM Ti-6Al-4V mesh.
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Testing Apparatus
The PEMEC was attached to an electrolyzer control system with a power supply of a
current range up to 100 A and a voltage range up to 5 V. The hardware was connected to a
Bio-Logic potentiostat controlled by EC-Lab, an electrochemical analysis software from
Bio-Logic, which was used to evaluate performance and electrochemical impedance
spectroscopy (EIS). For controlling the flow, a system of piping was connected to the
PEMEC. While the cathode piping was merely intended to safely exhaust hydrogen gas
that formed during electrolysis of water, a diaphragm liquid pump from KNF Neuberger
was used to supply deionized water at a constant volumetric flow rate of 40 ml/min to the
anode.
X-Ray Diffraction
The characterization of material structure and phase identification was carried out via xray diffraction (XRD) with a Philips X’Pert materials research diffractometer (45 kV, 40
mA), controlled by PANalytical’s XRD software, in Bragg Brentano reflection geometry
with Cu Kα radiation (λ=1.5418 Å) and a 2θ scan from 30° to 80° (with 0.01° steps for 5
s). The diffraction patterns are analyzed by the software MDI Jade9.
Scanning Electron Microscopy
The morphological characteristics of the liquid/gas diffusion layers and catalyst-coated
membranes used in the experiments were observed using a field emission SEM. The SEM
equipment used in the characterization is JEOL JSM-6320F with an accelerating voltage
of 0.5-30 kV, a magnification range of 500x up to 650,000x, and a 5-axis specimen mount.
The working distance ranged from 25 mm to 6 mm. Images were captured, processed, and
analyzed by TEAM software.
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Performance Testing
For performance evaluation, an increasing current density was applied to the PEMEC over
a period of time. The current was stepped up from a current density of 0.2 A/cm2 to 2.0
A/cm2. At each current density, the potential of the cell was measured for five minutes
before incrementing the current density again. Five minutes was chosen as an acceptable
amount of time at each current density as it was empirically observed that the cell potential
remained stable after this length of time.
Electrochemical Impedance Spectroscopy
Galvanostatic electrochemical impedance spectroscopy (GEIS) was used for measuring the
impedance of the PEMEC at different operating conditions. In this method, the current is
controlled as opposed to the potential. The test station is equipped with an operating current
range of -100A to +100A and a voltage range of 0V to 5V. The current precision was 100
fA. The scanning frequency was varied from 10 kHz to 5 mHz, and recorded six points of
data per decade. For analyzing impedance data, a Nyquist plot is normally used. There are
normally two characteristic arcs in a typical Nyquist plot of the impedance of a PEMEC,
which split the graph into three distinct ranges of high, medium, and low frequency. The
leftmost x-intercept represents the ohmic losses of the PEMEC, and is generally measured
for frequencies of a few kHz. The medium frequency range encompasses activation and
charge-transfer losses in the electrolyzer, and has a characteristic frequency located in the
local minima between the two arcs, and can range from 1 to a few hundred Hz. The low
frequency region represents the mass-transfer losses in the PEMEC, and is at frequencies
below 1 Hz.
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3D Printer
The electron beam melting technology, developed by Arcam AB, is a powder bed additive
manufacturing technology in which titanium powder materials are spread into a 50-µm
thick layer and subsequently melted by a focused electron beam. The geometry of the
melted region is determined by the 2-dimensional cross section of a 3-dimensional
component. Successive layers are built on top of a stainless steel substrate in order to
fabricate a 3-dimensional component. The powder used in the process, Ti-6Al-4V, is a
heavily used aerospace and biomedical alloy. The powder particle size distribution was 45
µm to 105 µm and was plasma atomized powder supplied by Arcam AB. The samples
were fabricated on an Arcam electron beam melting Q10 machine using software version
4.1.47. Because the melted area of the cross section is below a certain size threshold the
entire structure is melted only with the contour melt theme and no bulk filling of the
structure occurs. This results in the entire structure being melted as a series of spots along
the contour of the stereo lithography (.stl) file. The outer contour is melted at 4.5 mA and
the inner contour is melted using 8 mA. The standard focus values for this software version
were used, and the resulting spot size of the electron beam is estimated to be on the order
of 100-150 µm. Using these processing parameters resulted in a minimum wall thickness
on the order of 100s µm.
Finer structures may be obtainable through optimizing the processing parameters; however,
preliminary work on this has indicated this may lead to porosity in the wall. The size and
shape of the unit cell determines the final geometry of the component fabricated. The
process has been explored previously for use in medical applications where non-stochastic
mesh structures have been explored to mimic the mechanical response of bone, and the
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mesh structure can also be altered to maximize the amount of bone adhesion when
implanted in the body.[86-90] For this particular study, a non-stochastic grid of various
sizes was utilized with identical cross section in the vertical build direction.

3.3 Results and discussion
Before in-situ testing, the titanium LGDL samples from the 3D printer were characterized
with SEM and XRD. Figure 3.3 shows typical images of an additively manufactured
titanium LGDL, which has a thickness of 300 µm, a square pore size of 1.5 mm, and a
pore-wall width of 500 µm. It should be noted here that the pore-wall width, pore size and
pore distribution can be easily changed by altering the design parameters of the models,
and/or varying fabrication conditions and powder sizes, thus obtaining expected porosities.
In the high-resolution images shown in Figure 3.3(B) and Figure 3.3 (C), the titanium
powder can be clearly observed at the side walls of the pores. The top and bottom surfaces
are smooth and flat with uniform thickness, which markedly improves the contact interface
thereby reducing the contact resistance between the LGDL and catalyst layer. These
features significantly distinguish the 3D printed LGDL from woven or welded LGDLs, as
shown in Figure 3.4. The wires crimp on both sides and are locked together at the wire
joints for stability.
The XRD patterns of the EBM Ti-6Al-4V LGDL are shown in Figure 3.5, which show
titanium crystalline nature with 2θ peaks lying at 35.09o (100), 38.42o (002), 40.17o (101),
53.00o (102), 62.95o (110), 70.66o (103), 76.22o (112), and 77.37o (201). All the peaks in
the XRD patterns can be indexed as hexagonal alpha phases of titanium and the diffraction
data is in strong agreement with Joint Committee on Powder Diffraction Standards (JCPDS)
files # 44-1294 and reference.[96] Crystallite size can also be obtained based on the
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Figure 3.3. Images of an EBM Ti-6Al-4V mesh LGDL at different scales.

Figure 3.4. Schematic of LGDLs with different fabrication method, (A) EBM Ti-6Al-4V
mesh, (B) woven mesh.
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Scherrer equation (7):
𝐾𝜆

𝜏 = 𝛽𝑐𝑜𝑠𝜃

(7)

Where τ is the crystal size; λ is the wavelength of the X-ray radiation (λ=0.15406 nm) for
CuKα; K is usually taken as 0.9; and β is the line width at half-maximum height. The
crystallite sizes obtained using this formula are from 18 to 32 nm.
In the PEMEC tests, EBM Ti-6Al-4V LGDLs were used at the anode and Toray 090 carbon
paper treated with 5% PTFE was used as the cathode LGDL. For comparison, titanium
woven mesh, which has similar wire thickness and porosity, was chosen to serve as a
reference LGDL. Similar to EBM Ti-6Al-4V structures, woven meshes were used as the
anode gas diffusion layer, and were tested in the same PEMEC and operating conditions.
The effect of the LGDL with different fabrication process and structure at the anode on the
PEMEC performance at room temperature is shown in Figure 3.6. The operation voltages
for both LGDLs were increased linearly with current densities from 0.2 A/cm2 to 2.0 A/cm2,
where ohmic losses limit performance. Better performance (lower voltage) was obtained
with EBM Ti-6Al-4V LGDL. At 1.5 A/cm2, the operating voltage decreased from 2.49 V
to 2.18 V, corresponding to more than 12% of an efficiency improvement.
For a better understanding of the performance data, GEIS testing was conducted in-situ
with both titanium woven and EBM Ti-6Al-4V LGDLs. Figure 3.7 shows the Nyquist plots
of the impedances with EBM Ti-6Al-4V LGDLs and Ti woven LGDLs under the current
density of 2 A/cm2 at room temperature. The scanning frequency was from 10 kHz to 5
mHz, and recorded six points of data per decade. The ohmic loss, which was derived from
their leftmost x-intercepts at a high frequency range, was significantly decreased from 0.47

34

Figure 3.5. XRD Pattern of the EBM Ti-6Al-4V mesh LGDL.
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Figure 3.6. Performance curves of PEMEC with an anode LGDL of an EBM Ti-6Al-4V
mesh and a Ti woven mesh at room temperature.
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Figure 3.7. GEIS curves of PEMEC with an anode LGDL of an EBM Ti-6Al-4V mesh and
a Ti woven mesh under the current density of 2 A/cm2 at room temperature.
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•cm2 to 0.36 •cm2 with woven mesh and EBM Ti-6Al-4V LGDLs respectively. This
phenomenon can be explained by the distinct structures and morphologies between two
meshes. With the flat and in-plane surface, the EBM Ti-6Al-4V printing LGDL provides a
better contact with both current distributors and catalyst coated membranes (CCMs), as
shown in Figure 3.3 and Figure 3.4, which significantly decrease the contact resistance,
thus making the ohmic loss less than woven meshes.
The PEMEC performance was further enhanced at higher operating temperatures, as shown
in Figure 3.8. The cell temperature is varied from 35 to 65 oC at a step of 15 oC, which is
within the general operating temperature region in the PEMEC system [20]. At 1.5 A/cm2,
the operating voltage needed was decreased from 2.13V, 2.02 V to 1.91 V, respectively,
which indicated a significant performance improvement. Higher temperature in PEMECs
promotes improved kinetics and interfacial contacts, enhances the proton conductivity
inside the membrane, and enhances the diffusion of reactants while decreasing the
concentration difference [14, 24, 68].
As shown in Figure 3.9, the GEIS results indicated that the ohmic loss reduced remarkably
along with the increasing of cell temperature. At 35 oC, its ohmic loss was about 0.33
·cm2, while at higher temperature of 65 oC, it was reduced to 0.21 ·cm2, which lead to
a lower voltage (better performance). The major impact on the ohmic loss is the change of
interfacial contact resistance along with the increasing of operation temperature. The
higher operation temperature will expand the components inside the PEMEC, tighten the
components and then reduce the interfacial contact resistance, which can’t be achieved by
increasing the torque of fasten bolts as aforementioned.
It has been shown that ohmic losses play a dominant role in PEMEC performance, and its
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Figure 3.8. Performance results of a PEMEC with anode LGDL of an EBM Ti-6Al-4V
mesh at different temperatures.
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Figure 3.9. GEIS results of a PEMEC with an anode LGDL of EBM Ti-6Al-4V mesh at
different temperatures.
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reduction will directly result in lowering the operating voltage of the PEMEC, thus
promoting performance and efficiency. With EBM Ti-6Al-4V technology, LGDLs with
different pore morphologies and structures, including pore size, shape, wall thickness, and
porosity can be easily manufactured for further reducing the ohmic resistance and
enhancing performance in a PEMEC.

3.4 Conclusion
A novel low-cost technique of the electron beam melting (EBM) additive manufacturing
for fabricating titanium liquid/gas diffusion media with high-corrosion resistance and welltunable multifunctional parameters, including two-phase transport and improved
electric/thermal conductivities, has been demonstrated for the first time. Their applications
in proton exchange membrane electrolyzer cells have been explored. By taking advantage
of the additive manufacturing, the EBM technology makes it possible to fabricate a threedimensional and complicated object of virtually any shape from a digital model faster,
cheaper, and easier than conventional methods, especially for titanium. In addition,
compared with conventional woven LGDLs, increased performance and efficiency of up
to 8% at room temperature with EBM Ti-6Al-4V LGDLs is obtained due to their
significant reduction of ohmic losses. More importantly, this process can enable
manufacturing of LGDLs with control of pore size, pore shape, pore distribution, and
therefore porosity and permeability, which will be valuable in developing sophisticated
PEMEC models, which will in turn allow the optimization of the LGDL for maximum
performance. Further, it will lead to a manufacturing solution to couple the LGDLs with
other parts, since they can be easily integrated together with this advanced manufacturing
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process. Further optimal investigations and improvements of the EBM Ti-6Al-4V LGDLs
and other components are underway.
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CHAPTER 4
TITANIUM THIN/WELL TUNABLE LIQUID/GAS DIFFUSION
LAYER
4.1 Introduction
Clean and sustainable energy sources are becoming increasingly attractive. Hydrogen fuel
is a proven fuel source for clean energy and propulsion, which can be generated from low
temperature water electrolysis and is currently undergoing rapid advancement. A proton
exchange membrane electrolyzer cell (PEMEC) is an advanced, reverse PEM fuel cell
(PEMFC), and is a key component of an effective energy storage solution that produces
both hydrogen and oxygen from water. This is mainly due to its distinguished efficiency,
high energy density, compact design, large capacity, and ability to use electricity from
other renewable energy sources [13, 14, 18, 65, 97-104]. PEMECs are robust and may be
coupled with PEMFCs in order to create highly efficient regenerative energy systems [2,
8, 70, 100]. A PEMEC mainly consists of a catalyst-coated membrane (CCM) sandwiched
by two electrodes. At the anode, water is circulated through a flow field to the membrane
electrode assembly (MEA) where it electrochemically reacts and is split into oxygen and
protons. The protons are then transported through the membrane, react with electrons from
an external electrical force, and form hydrogen gas at the cathode, which exits through the
flow channel. Meanwhile, the oxygen is transported along with the water out of the anode.
In the PEMEC as shown in Figure 4.1 [105], a liquid/gas diffusion layer (LGDL) is located
between the catalyst layer and the current distributor, which also acts as the flow field. Its
functions are to transport electrons, heat, and reactants or products to and from the catalyst
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layer with minimal voltage, current, thermal, interfacial, and fluidic losses [106-116]. To
meet these requirements, the LGDL should provide:


Simultaneous reactant/product permeability: reactant water access effectively from
flow channels to catalyst layers, and products of H2/O2 from catalyst-layer area to
flow channels, respectively;



Electronic and thermal conductivity: allow electrons to all reaction sites and
efficient heat transport and uniform heat distribution;



Interfacial and mechanical ability: provide high corrosion resistance and excellent
contacts with the adjacent materials/parts (bipolar plate, current distributor and
catalyst layer), and maintain small pressure drops in the flow channel.

Carbon-based materials (carbon paper, or carbon cloth), which are typically used in
PEMFCs [6, 73-79, 117], are unsuitable for PEMECs due to their high ohmic potential and
the highly oxidative environment of the oxygen-rich electrode [13, 80]. The corrosion and
consumption of the carbon will degrade the LGDL and result in poor interfacial contacts,
which will decrease the performance and efficiency of the PEMEC. In order to counteract
this effect, materials with high-corrosion resistance have been sought. One such material
with desirable properties for use as the LGDL in the anode of a PEMEC is titanium [65],
which is a highly promising structural/functional material in aerospace, marine, nuclear,
electronics, medical implements, implants and instruments due to its high corrosion
resistance even at high positive overpotential, even in highly acidic and humid conditions.
In addition, it provides high thermal/electrical conductivities and excellent mechanical
properties. Currently, titanium meshes/felts/foams are mainly utilized as LGDLs at the
PEMEC anode side. Its thickness is larger than 300 µm with significant electrical
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Figure 4.1. Schematic of LGDL functions at the anode of PEMECs.

45

conductive path and fluidic resistance. In addition, their random structures make it
impossible to control the water/electron/thermal distribution and their complicated pore
morphology results in unusual interfacial contact resistance.
With the development of micro/nanotechnology, which has the advantages of high
precision, good repeatability, and repeatable batch-production, several solutions for
improved thermal and electrical conductivity, mass transport, and permeability will
become possible. In this study, a new titanium, thin, LGDL with well-tunable pore
morphologies is developed using micro/nano-manufacturing. Both experimental
evaluations of the electropotential performance and electrochemical impedance are
conducted with this new LGDL, and the test results are compared with a conventional
LGDL. It has been demonstrated that thin LGDLs remarkably reduce the ohmic, interfacial
and transport losses, and achieve a superior multifunctional performance. Prospects for
future LGDL development and optimization in PEMEC are also discussed.

4.2 Materials and methods
4.2.1 Nano-manufacturing of titanium thin/well-tunable LGDLs
Although, titanium has a lot of advantage to be chosen as raw material for LGDL, such as
high corrosion resistance, excellent electric conductivity and good mechanical properties,
etc. It’s difficult to fabricate part with titanium material. 3D printing is capable to fabricate
LGDL with the material of titanium for prototype, however, it is still expensive and slow
for commercial application [105]. Photochemical machining thin titanium foils seams the
most efficient way to mass produce the titanium thin/well-tunable LGDLs. The titanium
thin/well-tunable LGDLs are manufactured using lithographically patterned resist masks
and chemical wet etching of thin foils [82]. A typical fabrication procedure for titanium
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thin LGDL begins with the design and fabrication of the photomasks. A mask pattern was
designed

using

commercially

available

CAD/VLSI

software

(LayoutEditor,

layouteditor.net). The design pattern was imported into a Heidelberg DWL 66 laser
lithography system and patterned on a soda-lime glass mask plate that is precoated with
chromium and photoresist. After patterning, the masks were developed for 1 minute in
Microposit® MF® CD-26 Developer (Shipley Company, Marlborough, MA), rinsed with
DI water and dried with N2. Masks were then submerged in chrome etchant for 2 minutes,
rinsed with DI water and dried with N2. The remaining resist was subsequently removed in
a heated bath (70oC) of N-Methyl Pyrolidone (NMP). Masks were rinsed with DI water
and dried with N2. As shown in Figure 4.2, in order to provide structural integrity of the
extremely thin titanium foil, foils were affixed to a silicon wafer during processing.
Substrate were treated with Microprime P20 Primer (Shin-Etsu MicroSi, Inc., Phoenix, AZ)
adhesion promoter by coating the substrate with adhesion promoter, waiting for 10 seconds
and spin-drying the samples at 3000 RPM for 45 seconds. Subsequently Microposit
SPR220 photoresist (Rohm and Haas, Marlborough, MA) was spin-coated onto samples at
3000 RPM for 45 seconds. The titanium film was then placed on the resist coated silicon
wafer with special care due to its delicate features, and soft baked for 90 s at 115 oC. A
second layer of P20 and SPR220 photoresist was applied to the titanium foil under identical
conditions, and then exposed to UV light using conventional contact photolithography.
Developed in Microposit® MF® CD-26 Developer (Shipley Company, Marlborough,
MA), rinsed with DI water and dried with N2. Finally, after patterning the photoresist mask
on the foil, the patterned material was etched in HF etchant.
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Figure 4.2. Typical wet etching fabrication process for titanium thin LGDLs.

4.2.2 Test system and in-situ characterizations
A standard PEMEC was used for conducting the designed experiments. It consists of two
endplates made from commercial grade aluminum and designed to provide even
compression on the cell. In order to apply a current to the cell, a copper plate was inserted
at the cathode as a current distributor. The bipolar plate was manufactured from graphite
with a parallel flow field to distribute the flow over the active area of the cell. The catalystcoated membrane is comprised of Nafion 115, a perfluorosulfonic polymer with a thickness
of 125 µm, an anode catalyst layer with an IrRuOx catalyst loading of 3 mg/cm 2, and a
cathode layer with a platinum black (PtB) catalyst loading of 3 mg/cm2. The cell was
compressed by eight evenly distributed bolts, which were tightened to 40 in-lb. of torque
during assembly. The electrolyzer had an active area of 5 cm2 and was operated at a
temperature of 80 oC.
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The PEMEC was connected to a modular postentiostat system with a current booster,
which can operate under a current range of up to 100A and a voltage range of up to 5V.
The hardware was connected to Bio-Logic software, EC-Lab, which was used to conduct
performance testing and electrochemical impedance spectroscopy (EIS). For controlling
the flow, a flow system was connected to the PEMEC. While the cathode tubing was
merely intended to safely exhaust hydrogen gas that formed during electrolysis, the water
was circulated through the anode of cell at a constant volumetric flow rate of 20 ml/min by
a diaphragm liquid pump from KNF Neuberger.
For the performance evaluation, a constant current was applied to the PEMEC over a period
of time, while the required voltage was measured. The current density was stepped up from
0 A/cm2 to 2 A/cm2. At each current density, the potential of the cell was measured for five
minutes before incrementing the current density again. Five minutes was chosen as an
acceptable amount of time, after which the cell potential remained start to stable while
changed to a new current density.
Electrochemical Impedance Spectroscopy (EIS) was used for measuring the impedance of
the PEMEC at different operating conditions. In this method, the current is controlled as
opposed to the potential. It is equipped with an operating current of -100A – +100A and a
voltage of 0V – 5V. The current precision was 100 fA. The scanning frequency was varied
from 15 kHz to 10 mHz, and recorded 15 points of data per decade. For analyzing
impedance data, a Nyquist plot is normally used.
4.2.3 Ex-situ characterizations
The ex-situ characterizations of LGDLs were performed with a Hitachi S-4800 FEG
Scanning electron microscopy (SEM) equipped with a cold cathode field emission column
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emitter. Ultra-high resolution and high image quality was obtained at low operating
voltage ~1.4 nm at 1 KV (1 nm at 15 KV). It can be operated under a wide voltage range
of 100V to 30 KV. It was employed to observe uncoated samples by beam deceleration
option and used In-lens SE and BSE detection at low voltages. Samples were loaded into
the instrument on AGAR scientific conductive carbon tabs. Images were obtained with
acceleration voltages 15 kV and were collected by built in Quartz PCI image acquisition
and processing software.

4.3 Results and discussion
4.3.1 Ex-situ characterization of titanium conventional and novel thin LGDLs
The morphological characteristics of the liquid/gas diffusion layers used in testing were
characterized using a field emission SEM. Figure 4.3 details SEM images of conventional
titanium felt and newly designed titanium thin LGDLs, respectively. The surface structures
and pore morphologies between titanium felt LGDL and thin LGDL are obviously different.
The titanium felt LGDL has a thickness of 350 µm with a fiber diameter of about 20 µm.
Its average pore size and porosity are around 100 µm and 0.78, respectively. The felt LGDL
shows random pore shapes and pore distributions. The new thin LGDL is manufactured
from a titanium thin foil with a thickness of about 25 µm. Its pore size, pore shape, and
pore distribution are well controlled. With flat surface feature, its pore size and porosity
are 100 µm and 0.3, respectively.
4.3.2 PEMEC performance and efficiency
Both the new thin LGDL with well-tunable micro-pores and the conventional felt LGDL
were tested in a standard PEMEC. They were applied as anode LGDLs, while the Toray
090 carbon papers were used at cathode sides in the PEMEC tests. The relationship
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Figure 4.3. SEM Images of titanium conventional and thin LGDLs with similar pore size
(a) titanium felt LGDL with average pore size of 100 µm and porosity of 0.78; (b) titanium
thin LGDL with a pore size of 100 µm and porosity of 0.30.

between current density and voltage is a critical measure of the performance of the
PEMEC, with lower voltage for a given current density indicating better performance.
Figure 4.4 shows the PEMEC performance curves with both the thin/well tunable LGDL
(red color), and conventional felt LGDL (black color) under the same operating conditions.
The operating voltages needed for both LGDLs are increased with the current densities,
while much lower voltages were needed for new thin LGDLs. At a current density of 2
A/cm2, the needed votage is reduced from 1.88V with conventional titanium felt LGDL
to 1.69V with new thin LGDL, which reaches the new-low among the recent
publications[64, 99, 108, 118, 119].
The efficiency of the PEMEC, η, can be calculated as following equation (8),
𝜂=

𝑉𝑡ℎ𝑒𝑟𝑚𝑎𝑙
𝑉𝑐𝑒𝑙𝑙

(8)

where Vcell and Vthermal are the PEMEC operating voltage and theoretical thermal voltage,
respectively. Under the operating conditions with a temperature of 80°C and a pressure
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Figure 4.4. Performance comparisons of PEMEC with titanium thin LGDL and
conventional LGDL (red colour: titanium thin/ well tunable LGDL with thickness of 25
µm, pore size of 100 µm and porosity of 0.30; black color: titanium felt LGDL with
thickness of 350 µm, average pore size of 100 µm and porosity of 0.78).
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of 1 atm, Vthermal is about 1.4841V [120, 121]. As shown in Figure 4.4, at a current
dencisyt of 2 A/cm2, the PEMEC efficiency is increased from 78.98% with the titanium
conventional felt LGDL to 87.80% with titanium thin/well tunable LGDL. The efficiency
is much better than a recent report with a best efficiency of 82% [13].
4.3.3 Electrochemical impedance spectroscopy results
The EIS testing were in-situ conducted with both titanium conventional felt and new thin
LGDLs. Figure 4.5 shows their EIS results at a fixed current density of 0.2 A/cm2. Over
the frequency range from 15 kHz to 10 mHz, there is one big arc. The high-frequency
resistance, which mainly represents total ohmic resistance, is the leftmost intersection point
of the arc with the real axis at the high-frequency end. It includes the ohmic resistances of
all electrolyzer components, including bipolar plates, diffusion media, electrodes and
membranes, and the associated interfacial resistances between them. As shown in Figure
4.5, the impedance representing total ohmic resistances significantly decrease from 0.1815
·cm2 with a conventional titanium felt LGDL of 350 µm thickness to 0.0758 ·cm2 with
a titanium thin LGDL of 25 µm thickness. These results show that a thicker titanium felt
LGDL with complicated surface structures cause higher total ohmic losses, thus degrading
the PEMEC performance, as shown in Figure 4.4. The new thin LGDL with simple flat
surface results in great reduction of its associated ohmic resistances and interfacial
resistances. The electronic resistance of bulk titanium felt and the nanomanufactured thin
titanium film are 4.9 x 10-5 Ω and 2.7x10-8 Ω, respectively. Although the proton transport
resistance through the membrane is difficult to estimate. The total resistance for each
LGDL can be compared by EIS results. Between these two results, there is only anode
LGDL have been changed in experiments. So the difference of total ohmic resistance only
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come from the change from electronic resistances of the bulk titanium felt to
nanomanufactured thin titanium film. While the contribution of performance improvement
from the difference of electronic resistance between bulk titanium felt to nanomanufactured
thin titanium film isn’t enough, so it can assume that the major difference is coming from
interfacial contact resistance. It has been indicated that the LGDL thickness and interfacial
structures at a fixed material dominate the total ohmic resistance, thus playing crucial roles
on PEMEC performance.
The thickness of novel designed titanium thin LGDL is much less than the conventional
titanium felt LGDL, which definitely will reduce the ohmic resistance. More importantly,
the surface structure of titanium thin LGDL and titanium felt LGDL are quite distinct. The
titanium felt LGDL is made of titanium fibers, and its interfacial contacts with the catalyst
layer and the bipolar plate (BP) is mainly due to curved surfaces of titanium fibers with
plane surfaces of CLs and BPs. On the other hand, since the novel titanium thin LGDL is
etched from a flat thin foil, its interfacial contacts with the catalyst layer and the bipolar
plate are much improved due to the planar surfaces.

Those plane-surface contacts

significantly reduce the CL/LGDL/BP interfacial resistances, which dominate the total
ohmic resistances in a PEMEC. This is the main reason that the total ohmic resistance with
titanium thin LGDL is significantly reduced compared with the titanium felt LGDL, which
agrees with the result of EIS test as shown in Figure 4.5.
Generally, in PEMECs, the electrochemical reactions occur mainly on the interfaces
between LGDL and catalyst layer [122-125]. The functions of LGDL essentially consist of
(1) conduct electrons between electrodes and current distributors, (2) transport liquid water
from micro channels to reaction sites, and (3) allow diffusion of gaseous oxygen to the
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Figure 4.5. EIS comparisons of PEMEC with titanium thin etched LGDL and conventional
LGDL (red colour: titanium thin/ well tunable LGDL with thickness of 25 µm, pore size of
100 µm and porosity of 0.30; black color: titanium felt LGDL with thickness of 350 µm,
average pore size of 100 µm and porosity of 0.78).
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flow channel. So the LGDL can be developed and optimized after considering those critical
functions. With optimal designs of thickness, porosity and pore size, a better PEMEC
performance can be achieved with thin structured LGDLs by taking advantage of welltunable and straight-through micro-pores, while maintaining excellent properties for two
phase flow in LGDLs. For conventional LGDL, such as titanium felt, the thickness is about
350 µm, and the mean pore size is about 100 µm, at this situation, the water need capillary
pressure to get into the titanium felt LGDL and reach the interface of LGDL and catalyst
layer, which is the reaction sites. For nano-manufacturing thin titanium LGDL, the pore
size is still 100 µm while the thickness is about 25 µm, and the pore is throughout straight
one. Under this situation, the water is easy to get into the LGDL and reach the reaction
sites, and the oxygen is easy to get out of the LGDL. As shown in Figure 4.4 and Figure
4.5, the PEMEC with titanium thin film LGDL has less overpotential at activation, ohmic
and mass transport states. Activation loss refer to the activation energy to transfer an
electron from an electrode to anode electrolyte. So the interface between anode electrode
and electrolyte can affect the activation loss, which make the performance difference in the
activation dominant region. In this study, the anode LGDL is difference structure, which
will cause the different interface between anode electrode and electrolyte. A total ohmic
resistance reduction of LGDL will make it possible to decrease the PEMEC operating
voltage and enhance its performance. In addition, with LGDL straight-through micro-pore
features, precise controls of pore size, pore shape, pore distribution, and therefore porosity
and permeability, can be easily produced based on advanced manufacturing [126]. This
development will also lead to reducing the cost, volume, and weight of the LGDL itself
and the whole system.
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4.4 Conclusion
Titanium thin and well-tunable liquid/gas diffusion layers (LGDLs) with flat interfacial
surfaces are developed and are introduced into a PEMEC for the first time, and exhibit
superior multifunctional performance over conventional LGDLs. Based on the
electropotential performance tests, the operating voltages at a current density of 2.0 A/cm2
were as low as 1.69 V with an efficiency of up to 87.80%. In order to gain better
understanding the mechanisms, both the ex-situ and in-situ characterizations were
conducted and they showed the thin and well-tunable LGDL with flat surface features
remarkably reduced its total resistances, and significantly promoted the PEMEC
performance and efficiency by over 9%. It has also been shown that the total ohmic
resistance plays a dominant role in the PEMFC performance, and a better efficiency can be
obtained by reducing the LGDL thickness and further enhancing interfacial contacts
between LGDLs with other components. In addition, the LGDL thickness reduction from
300 µm of conventional LGDLs to 25 µm will greatly decrease the weight and volume of
PEMEC stacks, which can lead to new directions for future developments of low-cost
PEMECs with high performance. Its well-tunable features, including pore size, pore shape,
pore distribution, and thus porosity and permeability, will be very valuable to develop
PEMEC modeling and to validate simulations of PEMECs with optimal and repeatable
performance.
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CHAPTER 5
MECHANISM OF ELECTROCHEMICAL REACTION IN PEMECs
5.1 Introduction
The demand for power has increased rapidly over the past decades, due to economic growth,
population expansion, and industrialization of developing countries worldwide. Meeting
this demand can be difficult and often result in high levels of pollutions and greenhouse
gases (GHG) emissions, creating serious health and environmental concerns and elevating
indirect cost on society. Industry, such as power generation, manufacturing and
transportation, often rely on non-renewable resources that stress the energy grid and
accelerating the pollution of atmosphere. To combat this issue, there’s been a shift to
employ renewable technology, a superior method energy generation from nature resources,
such as hydro, wind and solar. Renewables are well suited for diverse of energy demands
and various industries by providing sustainable, clean and efficiency energy. Free of harm
for pollution or GHG emissions. However, intermittent power disruptions are common
with dealing with renewable resources. This occurs where there is mismatch between the
supplier energy generated and consumption demanded. Energy storage eases intermittent
power disruptions by store excess power generated by renewable resources at the time of
low demand and distributing the power at the periods of heightened demand. This helps
balance the load on energy created and reduce rely on nonrenewable resources. Hydrogen,
as a high energy density and environmentally friendly fuel, is expected to be one of the
most promising energy carriers in the near future [1-4]. Water electrolysis, a carbon free
way to produce fuel when coupled with renewable or nuclear energy sources, can split
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Figure 5.1. Schematics of applications of PEM electrolyzer cells and PEM fuel cells
coupled with renewable energy sources.
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water into hydrogen and oxygen by using electrical power. The integration of a sustainable
energy source and water electrolysis is very attractive because of its high efficiency, lack
of carbon and numerous applications as shown in Figure 5.1 (energy storage, fuel cell
vehicle, oxygen generation system in pace and propulsion), although the cost is still higher
than other conventional energy sources [5-10].
Compared to traditional water electrolysis technologies, proton exchange membrane
electrolyzer cells (PEMECs) have several main advantages, including fast dynamic
response time, favorable energy efficiency/density, high hydrogen purity and a more
compact design [13, 14]. Although the PEMEC has been developed in past decades, it still
has several significant challenges to overcome to be widely applied in hydrogen/oxygen
production, including cost, durability and efficiency [13, 65, 80, 127]. PEMECs use proton
exchange membranes (PEMs) as an electrolyte that permits the protons transport from
anode to cathode, and typically employ IrRuOx and Pt as the anode and cathode catalysts,
respectively. The main effects on costs are noble metal catalyst loading/catalyst utilization
for electrochemical reaction and degradation of layers and interfacial contacts of PEMECs
under the electrochemical reaction [16, 128, 129].
The principle of a PEMEC is electrochemically splitting water into hydrogen and oxygen.
During the operation, as shown in Figure 5.2, deionized water is circulated at the anode
side through a flow field to the membrane electrode assembly (MEA) where it
electrochemically reacts with catalyst and is split into oxygen, protons and electrons. The
protons are then transported through the membrane, react with electrons from an external
electrical force, and form hydrogen at the cathode, which exits through the flow channel at
cathode side. Meanwhile, the oxygen is transported along with the water out of the anode.
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Figure 5.2. Schematic of a cross-section view of a PEMEC.

61

The stoichiometric equations for the electrochemical reactions at both sides in a PEMEC
are shown below in Equation (9) and Equation (10). Theoretically, the amount of gases
produced per unit time is directly related to the current that passes through the
electrochemical cell.
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

Anode: 2𝐻2 𝑂 →

4𝐻 + + 𝑂2 + 4𝑒 −

𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡

Cathode: 4𝐻 + + 4𝑒 − →

2𝐻2

(9)
(10)

The performance of PEMECs depends on electrochemical reactions and the associated
properties of the membrane electrode assembly (MEA), including catalyst utilizations,
membrane conductivities, activities of catalyst layers, and structures of liquid/gas diffusion
layers (LGDLs) [19, 20, 24, 50]. In PEMECs, the electrochemical reactions occur only on
“triple-phase boundary”, meaning locations with electron conductors, catalysts, proton
carriers, and pathways for reactants/products. For instance, a water splitting location at the
anode needs: (i) A pore to transport liquid water in and gaseous O2 out; (ii) catalyst and
electron conductors for the reaction; and (iii) electrolyte for proton transport [17, 18, 122,
124]. It is critical to understand the fundamental principles and get the real situation of
triple-phase boundary electrochemical reactions in PEMECs. However, since the reaction
sites are located at the interfaces between the center layers of a PEMEC behind the other
components, it has been a challenge to exploit in-situ micro-scale rapid electrochemical
reactions and micro-scale interfacial effects for a long time. (i) The electrochemical
reaction site on catalyst layers is next to the center part of PEM and located behind LGDLs,
current distributor with flow channel and end plate; (ii) LGDLs are typically made of
titanium fibers or foam with random interconnected and complicated pore morphology; (iii)
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Current distributors are made from titanium to resist the high potential and oxidative
environment; (iv) a large working distance for optical systems is required and the
conventional microscope will not meet the needs at high spatial resolutions. Those factors
have made it barely impossible to perform in-situ characterization to determine the role of
the triple-phase boundary and phenomena of electrochemical reactions in PEMECs.
In this study, an innovative design of a transparent and reaction-visible PEMEC coupled
with a high-speed and long working distance micro-scale visualization system and an
electrochemical impedance spectroscopy for electrochemical reaction quantification is
introduced. With micro/nano technology and advanced manufacturing, thin-film LGDLs
with throughout straight pores have been developed and implemented to permit direct
visualization of the electrochemical reactions in the PEMEC. The true mechanism of the
rapid and micro-scale electrochemical reactions of splitting water in PEMEC are revealed
for the first time.

5.2 Methodology
A PEMEC mainly consists of a catalyst-coated membrane (CCM) sandwiched by two
electrodes and two end plates as shown in Figure 5.3. The catalyst coated membrane (Fuel
Cells ETC, Inc.) is Nafion® 115 film with IrRuOx and Pt employed as anode and cathode
catalysts, respectively. In the conventional PEMEC, both end plates are made of aluminum.
The anode current distributor with a parallel flow field is fabricated from a titanium plate,
while the cathode current distributor and flow field are fabricated from copper and graphite
plate with a parallel flow field, respectively. The cathode GDL is Toray 090 carbon paper
treated with 5% PTFE, while titanium felt is used as an anode LGDL. To visualize the
electrochemical reactions in-situ at the center of the PEMEC, some alterations were made
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compared to the conventional PEMEC. First, a rectangle hole on the anode end plate was
machined as an observation window, similar to a transparent PEMFC in our previous work
[111, 130, 131]; Secondly, the titanium anode current distributor with a parallel flow field
was divided into two parts: a transparent plate with flow-in holes/channels, and a 0.5 mm
titanium plate with chemically etched parallel flow channels of 1 mm in channel width.
Additionally, a novel thin-film anode LGDL was developed by using micro/nano
fabrications on thin titanium film with a thickness of 25 µm [42, 46, 82]. Eight evenly
distributed bolts were used to assemble the single 5 cm2 cell with a torque of 40 in-lb. The
reaction-visible PEMEC was operated at room temperature with a flow rate of 40 ml/min
controlled by a diaphragm liquid pump from KNF Neuberger.
In the PEMEC test, all electrochemical parameters are controlled by a SP-300 chassis with
a 10A/5V booster kit. The built-in FRA has a frequency range of 10 µHz up to 7 MHz.
Galvanostatic electrochemical impedance spectroscopy (GEIS) was used for measuring the
impedance of the PEMEC at different operating conditions.
The high-speed and micro-scale visualization system (HMVS) is also unique and includes
a high speed camera (Phantom V711) and in-house optical assembly. The high-speed
camera can achieve a maximum speed of 7,500 frames-per-second (fps) at full resolution.
At reduced resolutions, it can deliver up to 1,400,000 fps. The in-house optical assembly
consists of a main zoom lens body and a series of objective and eye-piece lenses, with a
working distance of > 70 mm even at high resolution. This feature distinguishes it from a
conventional microscope, which need a much smaller working distance at a similar spatial
resolution.
All parts were fastened on XYZ stages and positioners with well-designed layout and
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Figure 5.3. Schematic of the transparent and reaction-visible PEM electrolyzer cell,
LGDLs have well-controllable and throughout straight holes.
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control. The relative distance between the observation window of reaction-visible PEMEC
and HMVS can be finely regulated. In addition, a cold light source with adjustable intensity
was introduced through goosenecks to this system to ensure high quality videos and
pictures. Local reaction activities can be monitored and analyzed based on micro-scale
oxygen production in reaction-visible/operational PEMECs by HMVS.
The electric resistivity of materials for triple-phase boundary reaction in PEMEC were
measured. The thin film materials were measured by four-point probe (Lucas Lab Pro 44400). Since the catalyst layer is porous media, there are some fluctuation of measurement
by using four-point probe, the value is the average of five measurements.
Nano-manufacturing of titanium thin/well-tunable LGDLs
To get the visual image from inside of the PEMEC, some design modifications are
conducted on conventional electrolyzer. Especially, a novel thin anode LGDL was
developed by using nano-fabrications on thin titanium film.
As shown in Figure 5.4 a low-cost wet etching process was specifically developed in oak
ridge national lab (ORNL). The titanium thin/well-tunable LGDLs are manufactured using
lithographically patterned resist masks and chemical wet etching of thin foils [82]. The
fabrication procedure for titanium thin LGDL begins with the design and fabrication of the
photomasks. With this step, different pore size, pore shape and pore distribution can be
achieved. A mask pattern was designed using commercially available CAD/VLSI software
(LayoutEditor, layouteditor.net). The design pattern was imported into a Heidelberg DWL
66 laser lithography system and patterned on a soda-lime glass mask plate that is precoated
with chromium and photoresist. After patterning, the masks were developed for 1 minute
in Microposit® MF® CD-26 Developer (Shipley Company, Marlborough, MA), rinsed
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with DI water and dried with N2. Masks were then submerged in chrome etchant for 2
minutes, rinsed with DI water and dried with N2. The remaining resist was subsequently
removed in a heated bath (70oC) of N-Methyl Pyrolidone (NMP). Masks were rinsed with
DI water and dried with N2. As shown in Figure 5.4, in order to provide structural integrity
of the extremely thin titanium foil, foils were affixed to a silicon wafer during processing.
Substrate were treated with Microprime P20 Primer (Shin-Etsu MicroSi, Inc., Phoenix, AZ)
adhesion promoter by coating the substrate with adhesion promoter, waiting for 10 seconds
and spin-drying the samples at 3000 RPM for 45 seconds. Subsequently Microposit
SPR220 photoresist (Rohm and Haas, Marlborough, MA) was spin-coated onto samples at
3000 RPM for 45 seconds. The titanium film was then placed on the resist coated silicon
wafer with special care due to its delicate features, and soft baked for 90 s at 115 oC. A
second layer of P20 and SPR220 photoresist was applied to the titanium foil under identical
conditions, and then exposed to UV light using conventional contact photolithography.
Developed in Microposit® MF® CD-26 Developer (Shipley Company, Marlborough,
MA), rinsed with DI water and dried with N2. Finally, after patterning the photoresist mask
on the foil, the patterned material was etched in HF etchant.
Based on the above mask pattern wet etching process, Titanium thin/well-tunable LGDLs
with different pore sizes and pore shapes were fabricated.
A sequence of pictures of electrochemical reactions in micro pores of PEMEC
A sequence of close-up images of pore-scale electrochemical reactions is shown in Figure
5.5. It can be observed that, with the lapse of time, the oxygen bubbles are only generated
and grow along the edge of LGDL pore land. In Figure 5.5 (A), at the initial time of the
video, a relatively large oxygen bubble just flows over the pore of LGDL, which absorbs
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Figure 5.4. Schematic of a developed nano fabrication process for titanium thin-film LGDL
with well-tunable micro pores.
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some small bubbles along with the land of pore; in Figure 5.5 (B), at 0.0017s, some oxygen
bubbles with different sizes are observed clearly along the edge of pore land; in Figure 5.5
(C), at 0.0033s, both the quantity and size of oxygen bubbles increase; in Figure 5.5 (D),
at 0.005s, the size of oxygen bubble along the edge of pore land get larger and larger; in
Figure 5.5 (E), at 0.0067s, some small oxygen bubbles merge together formed some big
bubbles; in Figure 5.5 (F), at 0083s, the size of oxygen bubbles keep increasing and some
of them are going to detach the surface of catalyst layer. The similar reactions are also
observed in the PEMECs with various LGDL parameters with different pore sizes from 50
µm to 600 µm and pore shapes (triangular and circular), as shown in Figure 5.6. All of
them were also operated at the same current density of 2 A/cm2. The dynamic details can
be found in the supplementary materials: Movie S1 to S5.
Preliminary results of new fabrication of catalyst
The phenomena caught in the experiments revealed the real situation of electrochemical
reactions in a PEMEC, which could be a new instruction of fabrications and optimizations
of catalyst layers. For instance: deposit catalyst layers only on the edges of LGDLs as
shown in Figure 5.7 (E). To further prove the assumption concluded in manuscript, two
groups of control experiments were conducted. Both group experiments are conducted in
the following PEMEC.
A PEMEC was designed and fabricated in lab for conducting the designed experiments. It
consists of two endplates made from commercial grade aluminum and designed to provide
even compression pressure on the cell. In order to apply a current to the cell, a copper plate
was inserted at the cathode as a current distributor. The bipolar plate was fabricated from
graphite and used a parallel flow field to distribute the flow over the active area of the cell.
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Figure 5.5. A sequence of pore-scale images of electrochemical reactions (triangular pore
size: 600 µm, water is fully fill the channel and flowing from right to left): (A) Initial time,
t0; (B) t0 + 0.0017 s; (C) t0 + 0.0033 s; (D) t0 + 0.005 s; (E) t0 + 0.0067 s; (F) t0 + 0.0083 s.
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In order to maintain even compression and prevent leakage, gaskets for the LGDLs were
fabricated from PVC. The cell was compressed by eight evenly distributed bolts, which
were tightened to 40 in-lb. of torque during assembly. The electrolyzer had an active area
of 5 cm2 and was operated at 80 oC temperature.
The PEMEC cell was attached to an electrolyzer control system with a current range up to
100A and a voltage range of up to 5V. The hardware was connected to Bio-Logic software,
EC-Lab, which was used to conduct performance testing and electrochemical impedance
spectroscopy (EIS). For controlling the flow, a system of piping was connected to the
PEMEC. While the cathode piping was merely intended to safely exhaust hydrogen gas
that formed during electrolysis, a diaphragm liquid pump from KNF Neuberger was used
to circulate water at a constant volumetric flow rate of 20 ml/min through the anode.
The only difference between two groups of experiments is cathode catalyst fabrication. The
experimental group using a conventional catalyst-coated membrane. The catalyst-coated
membrane is comprised of Nafion 115, a perfluorosulfonic polymer with a thickness of
125 µm, an anode catalyst layer with an IrRuOx catalyst loading of 3 mg/cm2, and a
cathode layer with a platinum black (Pt/B) catalyst loading of 3 mg/cm2. The control group
using a single side catalyst-coated membrane. The single side catalyst-coated membrane is
comprised of Nafion 115, a perfluorosulfonic polymer with a thickness of 125 µm, an
anode catalyst layer with an IrRuOx catalyst loading of 3 mg/cm2. The cathode catalyst Pt
was sputtering coated on the LGDL with 15 nm thickness.
The performance comparison is shown in Figure 5.8. Although the PEMEC with catalyst
at new fabrication method has worse performance compare to regular one, the difference
at current density of 2 A/cm2 is only 0.117 V, which may be caused by increased interfacial
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ohmic resistance due to new fabrication method of cathode catalyst layer. The using of
cathode catalyst Pt in control group in only around 1/90 of Pt using in experimental group,
which significantly maximum utilizing the catalyst and reduce the cost of PEMECs.
The MEA has been also investigated ex-situ. The cathode layers were analyzed by scanning
transmission electron microscopy (STEM). The inset HAADF-STEM images show both
electrodes contain particle sizes below ten nanometers.

5.3 Results and discussion
A typical image of electrochemical reactions in a PEMEC microchannel with the highspeed and micro-scale visualizations is shown in Figure 5.6 (A). The black parts in the
channel are catalyst layer, and the grey shiny areas are LGDLs, which appear between the
grey dim parts – lands of microchannel. The thin-film LGDL has uniform triangular pore
distribution with a pore height of about 600 µm and a pore wall width of about 150 µm.
During operation, the microchannel of the PEMEC is fully filled with deionized water and
the PEMEC was operated with a constant current density. The cell voltage is around 2.5V
under a current density of 2 A/cm2 at room temperature, which is close to a conventional
cell [132].
The oxygen bubbles are formed on the surfaces of the catalyst layer (black parts), which
are adjacent to LGDLs (grey shinny parts). Then due to electrochemical reactions and
coalescence, they grow, detach from the catalyst layer surface and merge into each other.
Finally, the oxygen bubbles flow out of the PEMEC with deionized water through the
microchannel. During this process, several types of liquid/gas two-phase flow, including
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Figure 5.6. Micro-scale electrochemical reactions in PEMECs. (A) Front-view image of
electrochemical reactions in the PEMEC microchannel. (B) 600 µm triangular pore; (C)
400 µm triangular pore; (D) 500 µm circular pore; (E) 50 µm circular pore. (Please see
the detail from the supplementary material: Movie S1, Movie S2, Movie S3, Movie S4 and
Movie S5).
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bubbly, plug and slug, are formed in the microchannel. More details with a typical video
clip can be viewed at the supplementary material (Movie S1). Surprisingly, the reaction
sites, where the oxygen bubbles are generated, have some preferences and did not occupy
the catalyst layer surface uniformly. The oxygen bubbles appear to be generated only at the
interface of the liquid/gas diffusion layer and catalyst layer. As shown in Figure 5.6 (B) to
(C), most of the bubbles are generated along the edge of the pores, even with different pore
size from 50 µm to 500 µm and under different pore shapes. Some bubbles in the middle
of pores are observed to be moving with the flowing deionized water after they have
detached from the catalyst layer.
The visualization results indicate that all observable reactions occurred almost exclusively
along the catalyst layer-LGDL walls as shown in Figure 5.7 (A). Usually, catalyst layers
in PEMEC have been designed and fabricated as reaction sites to conduct electrons,
protons, and reactants/products. Until now, it has been assumed that reactions occur across
the entire catalyst layer surface as shown in Figure 5.7 (B), which meet the conventional
triple-phase boundary requirements as shown in Figure 5.7 (C). The discovery in this article
challenges previous assumptions for PEMECs. While most of the catalyst loaded on
catalyst layers (the most expensive part in the device) did not function as designed
(representing a significant waste). To make sure the bubble generation sites are the same
as electrochemical reaction sites. Several experiments were designed and conducted to
suppress the interferential phenomena. As shown in Figure 5.7 (D) and supplementary
materials movie S6 and S7, both electric conductive wire and nonconductive wire were put
between the catalyst layer and LGDL. When the PEMEC was operating in the current
density of 2 A/cm2, there is only bubble generation along the conductive wire, which can
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easily conduct electrons for electrochemical reactions. Those two wires have been put in
several different locations, the same phenomena are observed. This preclusive experiment
further proved the bubble generation sites observed in this research are the same sites of
electrochemical reaction. Actually, the roughness of catalyst layer surface is enough for
bubble nucleation. This discovery represents a potential opportunity to enhance the
multiphase interfacial reactions and significantly reduce the cost for commercial
applications through heterogeneous distribution of catalysts along the catalyst layer-LGDL
interfaces.
The electrochemical reaction only occurs at locations with all conditions that coexist for
triple-phase boundary reaction: pathways for reactant and product, catalyst, and conductors
for protons and electrons. Based on the visualization results, it can be assumed that, in
PEMECs, the water is only decomposed to protons, electrons and oxygen at the locations
where the triple-phase boundary exists in the anode of PEMEC. Meanwhile, the in-plane
ohmic resistivity of the IrRuOx catalyst layer has been found to be more than 10,000 times
larger than the thin titanium LGDL. The huge in-plane ohmic losses in catalyst layers
prevent the electrochemical reactions from occurring in the middle region of pores even at
very small pores, as shown in Figure 5.7 (E). No electrochemical reactions in the region
result in no oxygen bubble formation and growth there, which explain the phenomena
observed in an operating PEMEC. The exclusive experiments have been conducted as
aforementioned.
The phenomena caught in the experiments revealed the real situation of electrochemical
reactions in a PEMEC, which could be a new instruction of fabrications and optimizations
of catalyst layers. For instance: deposit catalyst layers only on the edges of LGDLs or
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Figure 5.7. Schematic of pore-scale electrochemical reactions occurred in the anode of a
PEMEC. (A) True phenomena of electrochemical reactions occurred in PEMECs. (B)
Conventional assumption of electrochemical reactions in PEMECs. (C) triple-phase
boundary electrochemical reaction in PEMECs. (D) Phenomena of exclusive experiments
for electrochemical reaction occurred in the anode of PEMECs (white wire: conductive
material, yellow wire: non-conductive material, please see the detail from the
supplementary material: Movie S6 and Movie S7). (E) Future design and fabrication of
catalyst layer in PEMECs, the catalyst only deposits on the lands of LGDLs.
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promote the in-plane electron conductivities in catalyst layers as shown in Figure 5.7 (E).
This discovery can significantly reduce the cost of PEM electrolyzer cells while keep on
with excellent performance (same catalyst), which is the major issue in widely commercial
application of PEM electrolyzer cells. Fundamental understandings from this research can
help to devise a cost-effective path to improve the multiphase interfacial efficiency,
increase catalyst utilization, and promote the reaction areas of PEMECs/PEMFCs. In
addition, this controlled geometric LGDL and cell architecture enable more direct
numerical simulations and validation through simplified and known internal morphology.
Moreover, this research will open new possibilities to manipulate triple-phase interfacial
effects in multi-scale engineering devices, which enable innovative designs with novel
control of capillary transports and rapid reactions for wide applications.
To further confirm the assumption based on phenomena capture in an operational PEMEC,
a novel catalyst fabrication was introduced. As shown in Figure 5.8 (A), the conventional
method of catalyst loading was directly spayed or brushed on membrane. According to
aforementioned assumption, a lot of catalyst was wasted in the middle area of LGDL pores.
To maximize the utilization of catalyst, the catalyst was only sputter coated on the LGDL
as shown in Figure 5.8 (B). Through the ex-situ investigation on the both catalyst,
secondary electron (SE) STEM images were obtained of the backside of the Pt/B electrode
and topside of the Pt thin film sputtered directly on the titanium LGDL. The microstructure
is presented by SEM images (Figure 5.8 (C) and (D)), which is quite different. The sputter
coating catalyst on LGDL has a much smaller crystal structure compared to catalyst with
conventional-method loaded on membrane, which also help increase the contact surface
area of catalyst. After put this novel fabricated catalyst layer in the PEMEC and testing,
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Figure 5.8. Comparison of different catalyst loading method and substrates in the cathode
of a PEMEC (one is on membrane and the other one is on LGDL). (A) Schematic of catalyst
conventional-method loaded on membrane in PEMECs. (B) Schematic of catalyst sputter
coated on LGDL in PEMECs. (C) SEM and zoom-in images of catalyst crystal structure
which loaded on the membrane. (D) SEM and zoom-in images of catalyst crystal structure
which loaded on the LGDL. (E) Comparison of cell voltage between cathode catalyst with
a conventional method loaded on membrane and sputter coated on LGDL. (F) Comparison
of H2 production rate per catalyst loading between conventional method loaded on
membrane and sputter coated on LGDL.
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the performance result is very close to the one with conventional fabricated catalyst layer
(Figure5.8 (E)). It’s noteworthy it that the thickness of two catalyst layer is differ greatly,
so the H2 production rate per catalyst loading of sputter coating on LGDL is far greater
than the one with conventional method Pt/B loaded on membrane (Figure 5.8 (F)). This
preliminary results provide very strong support for the aforementioned assumption, the
electrochemical reactions only occur on the locations, which meet the triple-phase
boundary requirements and prefer to close to the good conductive material.
Mathematical modeling for equivalent circuit
The visualization result is from in-situ image of a working transparent PEMEC assembled
Ti film anode LGDL with etched triangle pore sharp. The height of triangle pore is 240 µm.
Figure 5.5 and Figure 5.6 show the bubble generation, distribution and flow pattern in a
flow channel and pore of LGDL, respectively. As shown in Figure 5.5, the oxygen bubble
only generated along the edge of LGDL pattern where water, catalyst and conductor for
proton and electron are all exist, which verify the aforementioned model of electrochemical
reaction.
As shown in Figure 5.6, oxygen bubble generated on the catalyst layer and transport
through the pore of LGDL. But the site of reaction is not cover the full edge of LGDL
pattern, which indicate the catalyst is not loaded on every dot of surface of CCM, which
will not affect the performance of PEMEC when current density is relative low.
The performance curve of the transparent PEMEC with 50 Ti mesh anode LGDL is shown
in Figure 5.8. Compared to date from a conventional cell, the different of performance is
very small. Considering the wettability and stiffness of the transparent block, this
performance is acceptable.
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An ohmic resistance model, as shown in Figure 5.9, was established for rough estimation
of ohmic loss within CL. For better understanding effects of LGDL opening parameters,
the CL and LGDL were integrated together into the Electrode. Considering the LGDLs
have much better conductivities than the CLs, as detailed in Table 5.1, the CL ohmic loss
could be inferred from the electrode ones. The interfacial contact resistances between the
components were not considered.

Figure 5.9. Schematic of ohmic distribution inside a PEMEC

The electrochemical performance relationship for a PEMEC should consist of open circuit
voltage, activation overpotential, diffusion overpotential, and ohmic loss. The
electrochemical performance relationship for a PEMEC should consist of open circuit
voltage, activation overpotential, diffusion overpotential, and ohmic loss. The entire
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overpotential relationship of a PEMEC, which is used to calculate the cell polarization
curves, can be expressed as follows [13, 14].
𝑉 = 𝑉𝑜𝑐𝑣 + 𝑉𝑎𝑐𝑡 + 𝑉𝑑𝑖𝑓𝑓 + 𝑉𝑜ℎ𝑚
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The unit resistance of anode catalyst layer R CL,a, was considered to have an ohmic model
as shown in Figure 5.10.
For instance, when the diameter of opening is 100 µm diameter, in an analyzing unit, the
CL in the opening was divided into 50 tori with a width of 1µm for each torus. The in-plate
resistance of the nth torus of catalyst layer is,
𝑙

𝑅𝑛 = 𝜌 𝐴

𝑛

(17)

Where l, is the width of the torus, An , is the in-plane conducting area of each torus. Since
the all torus have the same width, l, equals to 1 µm for every torus. 𝑟𝑛 , is the radius of each
torus.
The through-plane resistance of the nth torus catalyst layer is,
𝑙

𝑅𝑀𝑛 = 𝜌𝑃𝐸𝑀 𝐴 𝑀

𝑀𝑛

(18)

Where lM , is the thickness of the catalyst layer, AMn , is the through-plane conducting area
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Figure 5.10. Schematic of an analyzing unit with dividing catalyst in a 100 µm diameter
opening into 50 torus and equivalent circuit.
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of each torus.
Based on the equivalent circuit in Figure 5.9, the total CL resistance of each unit is R unit ,
which can be calculated by iteration method.
The number of units, which is also the number of openings, can be calculated by,
𝐴∗𝜀

𝑁 = 𝜋∗𝑟 2

(19)

Where A is the total area of the LGDL, ε is the porosity of the LGDL, r is the radius of the
opening.
Since the resistance of catalyst layer is much greater than the one of LGDL, all unit can be
considered parallel connected in the circuit. Then the resistance of catalyst layer can be
calculated by following equation,
𝑅𝐶𝐿 = 𝑅𝑢𝑛𝑖𝑡 /𝑁

(20)

While for the resistance of LGDL, it can be simply calculated by following equation,
𝑡

𝑅𝐿𝐺𝐷𝐿 = 𝜌𝐿𝐺𝐷𝐿
(21)
𝐴∗𝜀
Where, 𝑡, is the thickness of LGDL, which is 25 microns for anode titanium thin film, and
280 microns for cathode carbon paper. 𝐴, is the active area. 𝜌𝐿𝐺𝐷𝐿 , is the resistivity of the
titanium and carbon paper. And Table 5.1 listed the main parameters for the calculation.
Assume the operation of current density of 2.0 A/cm2, the current flow into each unit is,
𝐼=

𝑖𝐴
𝑁

(22)

The resistance of every resistor in equivalent circuit of Figure 5.10 can be calculated. Using
iteration method, the current go through every torus has been calculated by MATLAB
software, as shown in Figure 5.11. L represents the distance from the edge of the opening
to the center, which means when L equals to 0 represent the location is at the edge of the

85

Table 5.1 Main calculation parameters for mathematical modeling of equivalent circuit for
catalyst layer in PEMECs
Description, symbol

Value, unit

MEA active area, 𝐴

5.0 𝑐𝑚2

PEM thickness, 𝛿𝑚

125 𝜇𝑚

Anode LGDL thickness, 𝛿𝑎

25 𝜇𝑚

Anode LGDL porosity, ε𝑎

0.3

Cathode LGDL thickness, 𝛿𝑐

280 𝜇𝑚

Cathode LGDL porosity, ε𝑐

0.78

Anode LGDL resistivity, 𝜌𝐿𝐺𝐷𝐿,𝐴

5.4×10−7 Ω ∙ 𝑚

Cathode LGDL resistivity, 𝜌𝐿𝐺𝐷𝐿,𝐶

8.0×10−4 Ω ∙ 𝑚

Anode CL in-plane resistivity, 𝜌𝐶𝐿,𝐴

1.52×10−2 Ω ∙ 𝑚

Cathode CL in-plane resistivity, 𝜌𝐶𝐿,𝐶

7.0×10−5 Ω ∙ 𝑚

PEM resistivity, 𝜌𝑃𝐸𝑀

4.41×10−2 Ω ∙ 𝑚

Anode exchange current density, 𝑖0,𝐴

6.0×10−7 𝐴/𝑐𝑚2

Cathode exchange current density, 𝑖0,𝐶

1.0×10−2 𝐴/𝑐𝑚2

Operating pressure (anode), 𝑃𝐴

1 𝑎𝑡𝑚

Operating pressure (cathode), 𝑃𝐶

1 𝑎𝑡𝑚

Operating temperature, 𝑇

80 °𝐶

Water molar mass, 𝑀𝐻2 𝑂

18 𝑔/𝑚𝑜𝑙

Oxygen molar mass, 𝑀𝑂2

32 𝑔/𝑚𝑜𝑙
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Table 5.1 continued
Description, symbol

Value, unit

Faraday constant, 𝐹

96485 𝐶/𝑚𝑜𝑙

Liquid water dynamic viscosity, 𝜇𝐻2 𝑂

3.55×10−4 𝑁 ∙ 𝑠/𝑚2

Liquid water density, 𝜌𝐻2 𝑂

1000 𝑘𝑔/𝑚3

Oxygen dynamic viscosity, 𝜇𝑂2

2.34×10−5 𝑁 ∙ 𝑠/𝑚2

Oxygen density, 𝜌𝑂2

1.429 𝑘𝑔/𝑚3

opening and when L equals to radius represent the location is at the center of the opening.
From the results, it’s can be seen that when the distance from the edge of opening is over
3 µm, the current will drop to less than 1% of current flow into this unit, which means over
99% current flow through CL covered by landing of LGDL and within 3 µm distance away
from the edge of landing. In this study, we didn’t observe bubble generation/nucleation
away from the interfacial between LGDL and catalyst layer under current catalyst
fabrication method.
The utilization of catalyst can be improved by decreasing the in-plane resistivity of catalyst
layer as shown in Figure 5.12, Better current distributions will be obtained with smaller inplane resistivity in CLs.
As the results shown in Figure 5.12, it can be concluded that the utilization of the
conventional catalyst layer is highly controlled by electron transport. The difference of inplane ohmic resistance between IrRuOx CL and LGDL is over 10,000 times. So the impact
of opening size and porosity of LGDL cannot be ignored. According to the first order
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Figure 5.11. The relationship between current and distance away from the edge of opening,
L. (L is the distance between torus and the edge of circular pore).
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Figure 5.12. The relationship between in-plane resistivity of catalyst layer with current
distribution on the surface of catalyzer layer. (Red dot is the results of CL with in-plane
resistivity of 1.52×10-2 Ω·m, blue dot is the results of CL with in-plane resistivity of
1.52×10-3 Ω·m, black dot is the results of CL with in-plane resistivity of 1.52×10-5 Ω·m).

89

estimation, only resistance of LGDL and CL will be affected by the altering parameters of
LGDL and the total ohmic resistance increases along with the increase of opening size or
decrease of porosity, which means the performance will be improved with a decrease of
opening size or increase of porosity.

5.4 Conclusion
The experiments in this research revealed that the in situ electrochemical reaction
behaviors in PEMECs could serve as a guide for improved fabrication and optimization of
CLs, even PEMECs as a whole. For example, CLs might only be deposited on the edges
of LGDLs, as shown in Figure 5.7 (E). Modifications such as this could significantly reduce
the use of expensive catalysts in PEMECs while maintaining performance levels,
addressing the major barrier to the broad commercial application of PEMECs.
Fundamental understandings from this research could also guide research to improve
multiphase interfacial efficiency, increase catalyst efficiency, and promote the reaction
areas of PEMECs and PEM fuel cells. In addition, controlled geometric LGDLs and cell
architectures will enable more direct numerical simulations and validation through
simplified and known internal morphology. Moreover, this research will open new
possibilities to manipulate triple-phase interfacial effects in multiscale engineering devices,
thus enabling innovative designs with novel control of capillary transport and rapid
reactions for wide applications.
The real situation of electrochemical reaction locations in operating PEMECs are revealed
for the first time by developing a reaction-visible PEMEC, a thin-film with LGDL with
known internal morphology, and high-speed and micro-scale visualization system.
Surprisingly, reactions preferentially occur on the catalyst layer and LGDL interfaces,
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indicating most of the catalysts loaded on catalyst layers do not function and are thus
wasted. The results of the mathematical modeling of ohmic equivalent circuit and
preliminary results from PEMEC with a novel fabricated catalyst layer has substantiate this
visualization results and assumption. Further understanding this real situation in nano or
crystallize scale will help to optimize catalyst layer and LGDL designs and fabrications,
which will significantly reduce the cost of the PEMEC and speed up its wide
commercialization as one of the most efficient way of producing hydrogen and energy
storage.
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CHAPTER 6
DIRECT VISUALIZATION OF BUBBLE DYNAMICS IN PEMECs
6.1 Introduction
Water electrolysis is considered one of the most attractive methods to generate
oxygen/hydrogen with carbon free and high efficiency, and it is also considered a
promissing technique to solve the problems of both energy and environment, since this
method can store the energy by coupled with intermittent renewable energy resources such
as wind, hydro or solar [4]. In the space exploration, a sustained power and oxygen supply
is crucial for the space applications. An oxygen generation system based on the water
electrolysis has been deployed on international space station to supply oxygen for
astronants [133]. Electrolysis of water is to split water into oxygen gas and hydrogen gas
by using electricity. The integration of sustainable energy sources and water electrolysis
becomes more and more attractive due to its high efficiency, renewable, and purity of
products [13, 14, 18, 32, 65]. Compared to traditional technologies, proton exchange
membrane electrolyzer cells (PEMECs) have several main advantages, including greater
energy efficiency/density, higher production rate, faster response and a more compact
design. However, to be widely comercialized in the oxygen/hydrogen production, there are
still several barriers need to be broken, including cost, degradation and efficiency [8].
Proton exchange membranes (PEMs) were used as an electrolyte in the PEMEC that
permits protons transfer from anode to cathode with high efficientcy, and RuIrOx and Pt/B
were employed as the anode and cathode catalysts, respectively. When a PEMEC was
operating, the water is decomposed into oxygen and proton by triple-phase boundary
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reactions at the surface of anode catalyst, and meanwhile the liquid water is flowing over
the liquid/gas diffusion layer (LGDL) and through microchannel yields two-phase
transport conditions, which strongly affect the performance [134, 135]. It is very important
to understand the fundamental principle of oxygen evolution reactions in PEMECs [136,
137]. The aim of this study is to reveal the phenomena of the oxygen evolution reaction
inside PEMECs, which can optimize the design of catalyst layer and low-cost sustainable
energy storage with high performance.
With the fixed active area, the local oxygen production is proportional to the current density,
which is directly related to those two major factors: (i) the capillary flow of liquid water
and oxygen gas; and (ii) interfacial conduction of protons and electrons. The effects of
capillary flow and electrochemical interfaces can be separated by controlling applied
currents. As shown in equation (22) below,
𝑖𝐴

𝑛̇ 𝑂2 = 2𝐹

(23)

At lower current density of i with fixed area of A, both liquid water consumption and
oxygen production are very small, and there is no transport limitation of capillary flow for
the reactions. The interfacial contacts and conductions will dominate the reactions. The
reaction area with better interfacial effects will produce more oxygen. As aforementioned,
in PEMECs, the oxygen generated on the catalyst layer at the anode side due to the multiphase boundary reaction and the water/oxygen transports over the LGDL yield two-phase
flow. The microfluidics not only occurs in flow channel, but also in the pores of anode
LGDL. Microfluidics in horizontal channel has been studied by lot of scholars. Typical

93

four two-phase flow patterns as shown in Figure 6.1, such as bubbly, plug, slug, and
annular, were observed along the long side of the channel [134, 138].

Figure 6.1. Four typical two-phase flow patterns in horizontal microchannel.

For microfluidics inside the pore, the flow pattern is major controlled by capillary pressure,
wettability, pore shape and pore size. With the different wettability of the LGDL, the
schematic of microfluidics in the pore of LGDL is shown in Figure 6.2.

Figure 6.2. Schematic of two-phase flow in a triangle micro-pore in LGDLs with different
wettability.
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In this study, by taking advantage of the thin and well-tuned titanium LGDLs with straight
pores, a novel designed PEMEC with a titanium thin/well-tunable LGDL is introduced to
observe directly oxygen evolution reactions on the surface of the anode catalyst layer (CL)
through micro LGDL pores and flow channels. Based on the development of a newly
designed transparent PEMEC and a high-speed, micro-scale visualization system (HMVS),
the relationship between oxygen evolution reaction and current density in an operating
electrolyzer cell can be visualized in-situ by simultaneous optical imaging. The oxygen
micro bubble dynamics, including bubble nucleation, growth and detachment, are revealed.
The effect of operating parameters such as current density on rapid oxygen evolution
reactions is also investigated. This research captures different flow pattern of microfluidics
in flow channel under different parameters. In this research, the channel size, wettability,
flow rate effected on the microfluidics pattern are investigated.

6.2 Materials and methods
In a conventional PEMEC, both end plates are made of aluminum. The anode current
distributor with a parallel flow field is fabricated from a titanium plate, while the cathode
current distributor is a simple titanium plate and flow field is fabricated from graphite. To
develop a transparent PEMEC, a rectangle hole is opened in the middle of anode end plate
as an observation window. Moreover, to introduce the light when take the optical image,
both sides of window is sloped towards the edge of end plate; second, break down the
titanium anode current distributor with a parallel flow field into two parts, one is
transparent block with flow-in channels, the other one is a thin titanium plate with
throughout flow pattern. The anode LGDL is titanium mesh, in this testing set-up, the
microfluidics on the surface of catalyst layer and flow in the micro channel can be captured
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by high-speed camera. Both anode and cathode gaskets are made from PVC sheets. The
cathode LGDL is Toray 090 carbon paper treated with 5% PTFE. The anode LGDL is
Titanium mesh. The CCM is Nafion 115 film with Ru/Ir and Pt employed as anode and
cathode catalysts loading of 3.0 mg/cm2 respectively. Eight evenly distributed bolts
assembled the cell to torque of 40 lb/in [27, 71, 139].
To directly visualize the oxygen evolution reactions in the middle of the PEMEC, some
developments were made compared to a conventional PEMEC, as shown in Figure 6.3.
First, at anode side, a rectangular hole was machined on the end plate as an observation
window, similar to the transparent proton exchange membrane fuel cell in our previous
work [111, 130, 131]. Second, the titanium anode current distributor with a parallel flow
field was decoupled into two parts: a transparent plate with flow-in holes/channels, and a
0.5 mm thickness titanium plate with chemically etched parallel flow channels of 1 mm in
channel width. Local reaction activities can be monitored and quantified based on microscale oxygen production in transparent/operational PEMECs by HMVS, as shown in
Figure 6.3. In the transparent electrolyzers, the anode LGDL, flow fields with current
distributors are made by chemically through etching titanium plates to form flow channels
with lands for current distributions. They are capped by transparent plates and visually
accessed through a rectangle window in the aluminum end plate.
To overcome the corrosion inside the PEM electrolyzer cell, the anode LGDL is usually
made from titanium felt or titanium foam, which block the optical access to the surface of
catalyst layer [80, 110]. This problem was solved by choose a novel designed Ti thin/well
tunable anode LGDL. This novel Ti thin/well tunable anode LGDL was developed by using
micro-/nano-fabrications on thin titanium film with a thickness of less than 50 µm [42, 46].
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Figure 6.3. Schematics of a transparent proton exchange membrane electrolyzer cell.
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Typically, the thin/well-tunable titanium LGDLs are manufactured by lithography, which
using lithographically patterned photoresist masks and chemical wet etching thin foils
[140]. The main steps include patterning, developing, etching and photoresist removal.
More details as show in Figure 6.4 can be found in our previous work [82].
Besides the development of components from conventional PEMEC, a HMVS as shown
in Figure 6.5 is also a very critical part of whole system, which includes a high-speed
camera Phantom V711 and an in-house assembly long working distance microscope
system. With the high-speed camera V711, the system can capture a maximum speed of
1,400,000 frame per second with the FAST option. The in-house optical assembly consists
of a main zoom lens body and a series of magnification tube, objective and eye-piece
lenses, with a working distance of greater than 70 mm even at high resolution. This feature
differentiates it from a conventional microscope, which requires a much smaller working
distance at a similar spatial resolution. The HMVS allows a large working distance with a
spatial resolution of better than 5 µm and time resolution of 7530 fps at full resolution.
Therefore, it provides capabilities to identify reaction activities in-situ and quantify oxygen
productions in different locations in micro scale with the development of transparent
engines/devices.
All equipments was fastened on XYZ stages and positioners with well-designed layout and
control. The relative distance between the observation window of transparent PEMEC and
HMVS can be fine regulated. Also, a cold light source with gooseneck and adjustable
intensity was introduced to this system to make sure getting best quality of video and
picture.

With all those equipment and design, every phenomenon in each spot of

observation window can be caught by this system. So, the local reaction activities inside
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Figure 6.4. Schematic of the thin/well tunable LGDL fabrication process and SEM
images of fabricated LGDLs.
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Figure 6.5. Schematic of a high-speed, micro-scale visualization system.

an operating PEMEC can be monitored and analyzed based on micro-scale oxygen bubble
evolution in a specific designed transparent PEMEC coupled with HMVS.
To continuously supply the deionized water, a specific designed whole plastic piping
system, to avoid any metallic contamination was connected to the PEMEC. While the
cathode piping was to safely exhaust the hydrogen gas, which generated during electrolysis
of water, a diaphragm liquid pump SIMDOS 10 was equipped to circulate the deionized
water for electrochemical reactions at a desired volumetric flow rate of 40 ml/min through
the anode. During the experiments of PEMECs, all electrochemical parameters were
controlled by a Bio-Logic potentiostat of a SP-300 chassis with a 10 A / 5 V booster kit. In
order to get the general phenomena of oxygen bubble evolution in PEMECs, the main
parameters of the transparent PEMEC as shown in Table 6.1 have been identically the same
as the conventional one.
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Table 6.1 Main parameters in experiments
Description, symbol

Value, unit

Liquid phase pressure, 𝑝𝑙

1.013×105 𝜇/𝑚2

Contact angle of LGDL, 𝜃

70°

Operating current density, 𝑖

2.0 𝐴/𝑐𝑚2

Operating temperature, 𝑇

20/80 ° 𝐶

Bubble pressure, 𝑃𝑏

1 𝑎𝑡𝑚

Active area, 𝐴

5 𝑐𝑚2

Flow channel width (anode), 𝑤𝐴

1.0 𝑚𝑚

Flow channel depth (anode), 𝑑𝐴

500 µ𝑚

Flow channel width (cathode), 𝑤𝐶

1.0 𝑚𝑚

Flow channel depth (cathode), 𝑑𝐶

1.0 𝑚𝑚

Flow velocity of liquid water in channel, 𝑣

40 𝑚𝑙/𝑚𝑖𝑛
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6.3 Results and discussion
In the experiments, the PEMEC is operated under room temperature which was controlled
at 20 ℃. To get the effect of different current densities on phenomena of electrochemical
reactions, a set of current densities of 0 – 2 A/cm2 were applied. The volumetric rate of
deionized water circulated through the PEM electrolyzer cell is 40 ml/min. The video and
images are captured in an operating PEMEC. The images, as shown in Figure 6.6, are
captured in a microchannel with 1000 µm width and 500 µm depth, and the thin/well
tunable LGDL is 50 µm in thickness, which has the circular throughout pores with 800 µm
in diameter. During operation, the microchannel of PEMEC is fully filled with deionized
water. The circular marks in Figure 6.6 indicate the locations of oxygen bubble nucleation,
growth and detachment. In Figure 6.6 (i), a small oxygen bubble just nucleate; in Figure
6.6 (ii), the oxygen bubble grows to a bigger one; while in Figure 6.6 (iii), the bubble grows
big enough and detaches from the rim of LGDL, start to moving with flowing deionized
water from right to left. This phenomenon is the typical type of oxygen bubble nucleation,
growth and detachment in the anode microchannel of PEMECs during electrolysis.
From Figure 6.6 a(iii), b(iii) and c(iii), it also can be seen that, the number of oxygen
evolution reaction sites increase along with the increment of current density. When the
PEMEC is operating under the current density of 0.02 A/cm2, only one oxygen bubble
generation site is observed along the rim of pore, and as shown in Figure 6.6 (a), and the
bubble growth rate on red mark is about 14.09 µm/s; while the PEMEC is operating under
the current density of 0.2 A/cm2, there are three oxygen bubble generation sites observed
along the rim of pore, which also include the one observed under the current density of
0.02 A/cm2, and as shown in Figure 6.6 (b), and the bubble growth rate on red mark is
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Figure 6.6. Sequence of photos for oxygen bubble generation, growth and detachment in a
micro circular pore of an operating PEMEC under different current densities of (a) 0.02
A/cm2, (b) 0.2 A/cm2 and (c) 2 A/cm2; the time interval between each picture (i-ii-iii) in
sequence: (a) is 1.0 ms, (b) is 4.7 ms, and (c) is 2.3 ms.
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about 23.42 µm; when the PEMEC is operation under the current density of 2.0 A/cm2,
there are about seven oxygen bubble generation sites observed along the rim of pore, which
including all the aforementioned oxygen bubble generation sites, and the bubble growth
rate on red mark is about 30.46 µm.
The images shown in Figure 6.7 is captured in a microchannel with 1000 um height and
500 um width, and the LGDL is a 50-um thickness thin titanium foil with throughout
triangle pores. The microchannel of PEMEC is filled with water at a flow speed of around
5.87 cm/s. The major flow pattern in microchannel of PEMEC is bubbly. The red marks in
Figure 6.7 track the phenomena of bubbles generation, growing, detaching and merging
into a big bubble. At 0 ms, a small bubble just generated; at 3 ms, the bubble grows big
enough and starts to detach from the surface of CL and edge of the land of LGDL; at 7 ms,
the bubble just encounters a big flowing from upstream and merged into this big bubble.
The capillary pressure is considered to play critical roles for gas bubble detachment, which
is similar to liquid water removal in PEM fuel cells [111].
The yellow and green marks in Figure 6.7 show the big bubbles and small bubbles are
flowing in different flow planes. The move speed of bubbles is also different, which is
closely related to bubbles’ location and bubbles’ size. At 0 ms, there is a tiny bubble
generated, as marked in green; at 1 ms, the bubble starts to detach from the land of LGDL;
at 4 ms, the small bubble was caught up by a big bubble from upstream; at 7 ms, the big
bubble passed by the small bubble. This phenomenon shows the bubbles are moving along
with the flowing water at different flow planes. The move speeds of bubbles in different
flow planes are also different, since in this micro flow channel, the water flow should be
undeveloped laminar flow. The yellow marks in Figure 6.7 show the deformation of bubble
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Figure 6.7. A sequence of images of two-phase flow in the anode microchannel of an
operating PEMEC.
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when another bubble is merging into the bubble. At 5 ms, there is a big bubble moving
close to a small bubble; at 6 ms, the small bubble start to merge into the big bubble, and
both two bubbles start to deform; at 7 ms, the small bubble has already merged into a big
bubble, however, the big bubble is still in deformation, at 8 ms, the bubble goes back to
the stable shape.
Beside the bubbly flow pattern, another major flow pattern in microchannel of PEMEC is
slug. As shown in Figure 6.8, the red marks track the bubbles keep merging together and
then form a slug in microchannel of a PEMEC.
The visualization results perfectly present the bubble nucleation, growth, detachment and
transport. The clips show bubbles nucleation near the edge of titanium thin/well tunable
LGDL, which meet the requirements of triple-phase boundary for electrochemical reaction.
In our experiments, the early stage of bubble growth is in a very short period and shorter
than the period between frames obtained by high speed camera. Under the same current
density, the oxygen generate rate at each reaction site will keep at the same a certain level.
As shown in Figure 6.9, all frames show bubble detach moment under different current
density. All bubbles marked by red circle are generated at the same location. In Figure 6.9
(A), the PEMEC was operated under the current density of 0.02 A/cm2, while the detach
diameter of bubble is 49.58 um; In Figure 6.9 (B), the PEMEC was operated under the
current density of 0.2 A/cm2, while the detach diameter of bubble is 108.17 um; In Figure
6.9 (C), the PEMEC was operated under the current density of 0.4 A/cm2, while the detach
diameter of bubble is 119.44 um; In Figure 6.9 (D), the PEMEC was operated under the
current density of 0.8 A/cm2, while the detach diameter of bubble is 123.94 um; In Figure
6.9 (E), the PEMEC was operated under the current density of 1.6 A/cm2, while the detach
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Figure 6.8. A sequence of two-phase flow pattern changed in the anode microchannel of
an operating PEMEC.
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Figure 6.9. Oxygen bubble detach diameters in the microchannel of PEMECs under
different current densities of (a) 0.02 A/cm2, (b) 0.2 A/cm2, (c) 0.4 A/cm2, (a) 0.8 A/cm2, (b)
1.6 A/cm2, and (c) 2.0 A/cm2.
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diameter of bubble is 144.23 um; In Figure 6.9 (F), the PEMEC was operated under the
current density of 2.0 A/cm2, while the detach diameter of bubble is 162.25 um. According
to those experimental result, it can be concluded that, the bubble detach diameter increase
along with the increase of operation current density.

6.4 Conclusion
Based on the present observations, it can be concluded that the number of the bubble
nucleation sites increase along with the increment of current densities. The bubble
nucleation sites are determined by several factors, including triple phase boundary and
roughness of surface, which are the two critical essential for oxygen bubble nucleation in
PEMECs [122]. The roughness of surface of catalyst layer is enough for bubble nucleation.
The surface of catalyst layer exposed to water is meet the requirements of triple phase
boundary. However, the oxygen bubble nucleation site only observed along with the rim
of pores. It was found out that the sheet resistance of titanium LGDL is much less than the
in-plane resistance of anode catalyst layer, which means that electronic conductivity is the
threshold of oxygen bubble evolution at anode of PEMEC. In this study, the real
phenomena of oxygen bubble evolution are revealed for the first time in a novel designed
transparent PEMEC coupled with a high-speed and micro-scale visualization system
(HMVS). From the captured photos and clips, the oxygen bubble evolution occurred at the
triple phase boundary can be observed clearly, and the relationship between oxygen
evolution reaction sites and current density was revealed. The oxygen evolution reaction
sites only along the rim of pore of titanium LGDL. With the increasing of the current
density, the oxygen bubble growth rate increased, meanwhile, the oxygen bubble detach
diameters also increases. The phenomena of triple-phase boundary reactions and oxygen
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bubble evolution captured on catalyst layer inside the microchannel of an operating
PEMEC can help to understand the behavior of electrochemical reactions and
microfluidics, which can be aid to optimize the design of catalyst layer fabrication and the
design of flow field, and consequently improve the performance and efficiency of
PEMECs. The future work will focus on the quantification investigation of oxygen bubble
evolution and modeling of two-phase microfluidics in PEMECs and the influence of flow
pattern on the performance. The data of performance and combination of parameters can
be an instruction to optimize the design of PEMEC and validate the mathematical modeling
of two-phase flow inside PEMECs
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CHAPTER 7
MATHMATICAL MODELING INVESTIGATION ON OXYGEN
BUBBLE EVOLUTION IN PEMECs
7.1 Introduction
A proton exchange membrane electrolyzer cell (PEMEC), which can produce highly pure
hydrogen from water via electrolysis, will play an important role in renewable energy
conversion and utilization in the near future. Compared with alkaline and solid oxide
electrolysis technologies, a PEMEC has more advantages, such as high energy
efficiency/density and environmentally friendly operation [76, 141-145]. Figure 7.1 show
a schematic of a single PEMEC and its microstructure, which consists of several key
components, including bipolar plates, porous liquid/gas diffusion layers (LGDLs) and
catalyst layers where electrochemical reaction and multi-phase transport occur, and PEM.
During electrolysis, the liquid water is fed into flow channel at the anode side and then
invades into the porous LGDL. As the liquid water reaches the catalyst layer (CL), the
electrochemical reaction will occur, which produces oxygen and protons as well as
consumes the water, as shown in Figure 7.1. The basic reaction of a PEMEC can be
expressed as follows:
1

Anode: 𝐻2 𝑂 → 2𝐻 + + 2𝑒 − + 2 𝑂2

(24)

Cathode: 2𝐻 + + 2𝑒 − → 𝐻2

(25)

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦, 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 1

Total reaction: 𝐻2 𝑂(𝑙𝑖𝑞𝑢𝑖𝑑) →

2

𝑂2 + 𝐻2

(26)

As water electrolysis progresses, a large number of oxygen bubbles will be produced at
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Figure 7.1. Schematics of gas/liquid two-phase transport and microstructure in a PEMEC.
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the anode side due to the electrochemical reaction. These bubbles will flow across the
liquid/gas diffusion layer and enter the flow channel where the bubbles can get out of the
cell under the assistance of the flow liquid water. If the bubbles are not removed properly
and adequately, gas will accumulate inside the LGDL and flow channel and form a
transport barrier near the CL, which will consequently lead to a poor cell performance.
Therefore, it is very important to manage gas bubble transport in a PEMEC. In addition, as
mentioned in the previous paper [121, 139, 146-149], characteristics of gas-liquid twophase transport have a significant effect on the cell performance and design optimizations
and gas bubble dynamics is crucial to the fundamental understanding of two-phase
transport process. Therefore, gas bubble dynamics and management in the flow channel
and LGDL is an important issue in a PEMEC. In order to address this issue, bubble dynamic
behaviors including growth and detachment should be investigated under different
operating conditions. However, it is still hard to exactly measure the behaviors of bubble
growth and detachment in an electrochemical reaction system. An accurate mathematical
model is needed to predict and understand the gas bubble evolution in a PEMEC. In the
PEMEC, LGDL is located between the catalyst layer and current-distributing layer with
flow field. The purpose of the LGDL is to transport electrons, heat, and reactants or
products to and from the catalyst layer with minimal voltage, current, thermal, interfacial,
and fluidic losses [106-113]. At the anode side of PEMEC, as mentioned before, the multiphase boundary interfacial reactions need water flow into the LGDL and the generated
oxygen gas needs to get out of CLs through the LGDL. During this process, the two-phase
flow occurs, which significantly affect the performance. A better fundamental
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understanding of interfacial effects becomes critical for controlling two-phase transport
and enhancing performance and efficiency.
Theoretically, bubble evolution consists of several stages, including nucleation, growth,
and detachment [150-152]. Nucleation is a process that leads to the formation of a new
phase in a liquid solution. The new phase is often presented by gas bubble form. The
process is related to operating conditions and structure parameters of a system, such as
temperature, pressure, and contact angle, which is still difficult to be quantitatively
predicted and measured. This paper will focus on the dynamics of growth and detachment
of gas bubble. In recent years, models regarding gas bubble dynamics have been also
conducted to investigate the gas bubble growth and detachment behaviors in different
applications, which are very helpful to the present study. Early models usually used some
empirical relationships or a simple force balance analysis that only considered the limited
forces acting on the gas bubble, due to the complexity of gas bubble generation. Lubetkin
[153] investigate the motion of gas bubble near electrodes. Fritz et al. [154, 155] first
proposed an empirical formulas for calculating the detachment diameter of gas bubble.
This relation is only suitable for stagnant gas bubble on a surface and the detachment
diameter is mainly related to surface tension force and buoyancy. Chen et al. [156]
simulated the gas bubble dynamics on a heat surface using a force balance analysis model.
In their model, a new force called dynamics force was introduced, which was considered
the sum of liquid inertia, gas inertia, and drag force. Klausner et al. [157] and Chen et al.
[158] presented a more detailed analysis of different forces acting on a single gas bubble
and predicted the bubble detachment diameter. According to their studies, nine forces were
taken into account to analyze the bubble dynamic behavior, including body force, surface
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tension, buoyancy, capillary pressure, added-mass force, quasi-steady drag force, shear lift
force and reaction force. In order to determine the lift-off and departure diameters, the
equations in x and y directions were simultaneously solved.
Meanwhile, some experiments have conducted to investigate the phenomena of bubble
evolution. Most investigations [14, 159-163] were conducted to macroscopic performance
evaluation, optimization of membrane electrode assembly and mass transport, and electrocatalyst. For investigation on dynamics of bubble evolution, most of them are focus on
bubble evolution in boiling system or from a nozzle [164, 165]. A few attentions have been
paid to gas bubble dynamics during water electrolysis. Sakuma et al. [166] experimentally
observed the nucleation and growth of single oxygen bubble in potassium hydroxide
solution under microgravity. Their results indicated that the initial bubble diameter ranged
from 10 to 30 microns depending on the surface contact angle. Matsushima et al. [167] also
reported the growth characteristics of single gas bubble on a platinum micro-electrode
surface. The growth rate of bubble during water electrolysis was mainly controlled by the
gas evolution efficiency that was related to transient current density and gas volume.
Chandran et al. [168] experimentally investigated hydrogen bubble formation and its
distribution near the electrode surface during water electrolysis. It was found that the
bubble diameter near the electrode would decrease constantly before it reached a steady
state. Liu et al. [169] examined the growth and detachment of hydrogen bubble on a 200
µm micro-electrode as the current density ranges from 15.9 to 57.3 A/cm2. They found that
the gas bubble would be easier to release from the electrode surface with the current density
increasing without magnetic field. Yang et al. [170] used a microscope by a high-speed
camera to observe the lifetime and size of single hydrogen bubble on a platinum
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microelectrode. Other investigators [153, 171-175] also analyzed the bubble formation and
evolution mechanisms during water electrolysis. Although some work has been conducted
to gas bubble dynamics of water electrolysis, it can be seen that most of them are
experimental studies and it is still difficult to experimentally measure and capture the
detailed bubble evolution process inside the LGDL and CL during PEMEC operation due
to the complex of CL structure and cell operating conditions. Because of limitation, a full
mathematical model is highly needed to deeper understand the gas bubble evolution in a
PEMEC.
Direct visualization of electrochemical reactions that occur in PEMEC necessitates the
development of alternative methodologies for in-situ characterization and is critical to
further develop fundamental understanding of the microfluidics in micro channels and
pores and associated transport phenomena [176]. Since the oxygen bubble moves fast
inside the micro pores/channels, it’s necessary to use high-speed camera to capture the
phenomena.
In this paper, based on a detailed force balance analysis and visualization experiment of
oxygen bubble evolution in an operating PEMEC, a full mathematical model for gas bubble
dynamics is developed and validated to study the growth and detachment behaviors of
oxygen bubble generated from the catalyst layer surface at the anode side of a PEMEC,
mainly focusing on the effects of key operating parameters on the gas bubble growth and
detachment, including the effects of current density, contact angle, flow velocity and local
operating temperature and pressure. Results will provide fundamental understanding of
bubble evolution in an operating PEMEC and aid further research of gas/liquid two-phase
transport in the LGDL and microchannel.
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7.2 Methodology
7.2.1 Mathematical model of oxygen bubble growth
For a bubble in a viscous fluid, the growth process is controlled by a series of forces. Initial
growth from the critical size is dominated by surface tension forces. When the inertial
forces become dominant, growth is driven primarily by the difference between the vapor
pressure within the bubble and the external pressure, and the volumetric growth rate is
linear with time, and the growth rate of radius may be approximated by the following power
law curve fit [177, 178].
𝑟 = 𝐾𝑡 𝑛

(27)

Where 𝑟 is the diameter of the bubble, 𝑡 is the growth time, 𝐾 and 𝑛 are empirical
constants. Those constants are affected by the mass flux, which is the speed of oxygen
generation; temperature and pressure. The model of bubble growth with chemical reaction
in a stationary liquid has been developed by Fabelukis and Yablonsky (2004). The model
assume that all gas generated by chemical reaction enter the bubble and no gas dissolves
back into the liquid. In this study, the growing bubble was formed by a constant
electrochemical reaction rate under the certain operation parameters. The rate of gas
generation is given by,
𝑖𝐴

𝑛̇ = 𝑛𝐹

(28)

Where 𝑖 is current density, 𝐹 is Faraday constant. The gas inside bubble is considered as
ideal gas,
𝑃𝑉 = 𝑛𝑅𝑇
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(29)

Where, 𝑃 is the pressure of gas, 𝑉 is the volume of the bubble, 𝑅 is the universal gas
constant, and 𝑇 is the absolute temperature. The oxygen bubble nucleate on the surface of
substrate, before the bubble detaching form the substrate, the oxygen bubble is not a sphere
as shown in Figure 7.2. Based on the contact angle, the volume of bubble before detaching
can be calculated as following,
1

𝑉 = 3 𝜋𝑟 3 (2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠 3 𝜃)

(30)

Where 𝜃 is contact angle.

Figure 7.2. Schematic of bubble generate and growth on the surface of substrate.

The ideal gas equation can be differentiated with respected to time and give an expression
for the molar flux to the bubble,
1

𝑃𝑏 3 𝜋𝑟 3 (2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠 3 𝜃) = 𝑛̇ 𝑡𝑅𝑔 𝑇

(31)

So, the bubble radius can be expressed by,
3 𝑖𝐴

𝑟 = (𝜋 𝑛𝐹 𝑃

𝑅𝑔 𝑇
3
𝑏 (2−3𝑐𝑜𝑠𝜃+𝑐𝑜𝑠 𝜃)
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𝑡)1/3

(32)

And the bubble growth velocity is,
𝑑𝑟
𝑑𝑡

3 𝑖𝐴 𝑅𝑔 𝑇

= 𝜋𝑟 2 𝑛𝐹

𝑃𝑏

(2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠 3 𝜃)

(33)

And the change rate of bubble velocity is,
𝑑2 𝑟
𝑑𝑡 2

6 𝑖𝐴 𝑅𝑔 𝑇

= − 𝜋𝑟 3 𝑛𝐹

𝑃𝑏

(2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠 3 𝜃)

(34)

7.2.2 Mathematical model of oxygen bubble detachment
Figure 7.3 shows a schematic of bubble force analysis and detachment on a hydrophilic
LGDL surface of a PEMEC. Different forces acting a growing gas bubble are analyzed at
x and y directions. As the gas bubble grows, the gas bubble will detach from the original
nucleation site when the force balance is broken.

Figure 7.3. Schematic of bubble force analysis and detachment situations on a LGDL
surface.
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The present detachment model for gas bubble is based on a force balance, which analyzes
all forces acting on a growing gas bubble in two directions. The forces acting on the bubble
can be expressed as the following general form:
∑ 𝐹⃗ = 𝐹⃗𝑏𝑜𝑑𝑦 + 𝐹⃗𝑓𝑙𝑜𝑤 + 𝐹⃗𝑔𝑟𝑜𝑤 + 𝐹⃗𝑏 + 𝐹⃗𝑠 + 𝐹⃗𝑐𝑝 + 𝐹⃗𝑠𝑙 + 𝐹⃗𝑞𝑠

(35)

Where, 𝐹⃗𝑏𝑜𝑑𝑦 is gravity, 𝐹⃗𝑓𝑙𝑜𝑤 is flow induce force, 𝐹⃗𝑔𝑟𝑜𝑤 is grow induce force, 𝐹⃗𝑏 is
buoyance fore, 𝐹⃗𝑠 is surface tension force, 𝐹⃗𝑐𝑝 is contact pressure force, 𝐹⃗𝑞𝑠 is quasi steady
drag force. For a growing gas bubble, as shown in Figure 7.3, the following equations based
on the force balance can be obtained:
For x direction:
∑ 𝐹𝑥 = 𝐹𝑓𝑙𝑜𝑤 + 𝐹𝑔𝑟𝑜𝑤,𝑥 + 𝐹𝑠𝑥 + 𝐹𝑞𝑠

(36)

The force due to fluid flow [179] can be calculated as:
𝐹𝑓𝑙𝑜𝑤 = 2𝜋𝜌𝑙 𝑟 2 𝑢𝑥 𝑟̇

(37)

The bubble growth force in x directions [158, 180] is calculated as:
3

𝐹𝑔𝑟𝑜𝑤 = −𝜋𝑟𝑏 2 𝜌𝑙 (𝑟𝑟̈ + 2 𝑟̇ 2 )

(38)

3

𝐹𝑔𝑟𝑜𝑤,𝑥 = 𝐹𝑔𝑟𝑜𝑤 𝑠𝑖𝑛 𝜃𝑖𝑛 = −𝜋𝑟𝑏 2 𝜌𝑙 (𝑟𝑟̈ + 2 𝑟̇ 2 ) 𝑠𝑖𝑛 𝜃𝑖𝑛

(39)

The surface tension force in x direction [157] can be calculated as:
𝜋(𝜃 −𝜃 )

𝐹𝑠𝑥 = −2.5𝑟𝑏 𝜎 𝜋2−(𝜃1 −𝜃2 )2 (𝑠𝑖𝑛 𝜃1 + 𝑠𝑖𝑛 𝜃2 )
1

(40)

2

While, the surface tension coefficient [181] is,
𝑇

𝑇

𝜎 = 235.8×10−3 (1 − 𝑇 )1.256 [1 − 0.625 (1 − 𝑇 )]
𝐶

Where, the critical temperature TC is 647.15 K.
The quasi steady drag force [157]:
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𝐶

(41)

2

0.65

12

𝐹𝑞𝑠 = 6𝜋𝜇𝑙 𝑢𝑥 𝑟 {3 + [(𝑅𝑒 )
𝑏

0.65

+ 0.796

−1⁄0.65

]

}

(42)

The bubble Reynolds number can be defined as:
𝑅𝑒𝑏 =

2𝑢𝑥 𝑟𝜌𝑙

(43)

𝜇𝑙

The total equation for bubble detachment in x direction can be written as:
𝜋(𝜃 −𝜃 )

3

∑ 𝐹𝑥 = 2𝜋𝜌𝑙 𝑟 2 𝑢𝑥 𝑟̇ − 𝜋𝑟 2 𝜌𝑙 (𝑟𝑟̈ + 𝑟̇ 2 ) 𝑠𝑖𝑛 𝜃𝑖𝑛 − 2.5𝑟𝑏 𝜎 2 1 2 )2 (𝑠𝑖𝑛 𝜃1 + 𝑠𝑖𝑛 𝜃2 ) +
2
𝜋 −(𝜃 −𝜃
1

2

12

6𝜋𝜇𝑙 𝑢𝑥 𝑟 {3 + [(𝑅𝑒 )

0.65

𝑏

0.65

+ 0.796

2

−1⁄0.65

]

}

(44)

For y direction:
∑ 𝐹𝑦 = 𝐹𝑏𝑜𝑑𝑦 + 𝐹𝑔𝑟𝑜𝑤,𝑦 + 𝐹𝑏 + 𝐹𝑠𝑦 + 𝐹𝑠𝑙 + 𝐹𝑐𝑝

(45)

The body force can be calculated as:
4

1

𝐹𝑏𝑜𝑑𝑦 = −[3 𝜋𝑟 3 − 6 𝜋ℎ(3𝑎2 + ℎ2 )]𝜌𝑔 𝑔

(46)

The bubble growth force in y directions [158, 180] is calculated as:
3

𝐹𝑔𝑟𝑜𝑤,𝑦 = 𝐹𝑔𝑟𝑜𝑤 𝑐𝑜𝑠 𝜃𝑖𝑛 = −𝜋𝑟𝑏 2 𝜌𝑙 (𝑟𝑟̈ + 2 𝑟̇ 2 ) 𝑐𝑜𝑠 𝜃𝑖𝑛

(47)

Based on Figure 7.3, the buoyancy force can be calculated as:
4

1

𝐹𝑏 = [3 𝜋𝑟 3 − 6 𝜋ℎ(3𝑎2 + ℎ2 )]𝜌𝑙 𝑔

(48)

The surface tension force [157] can be calculated as:
𝐹𝑠𝑦 = −2.5𝑟𝑏 𝜎 𝜃

𝜋

(𝑐𝑜𝑠 𝜃2 − 𝑐𝑜𝑠 𝜃1 )

1 −𝜃2

(49)

The shear lift force [157]:
1

𝐹𝑠𝑙 = 2 𝜌𝑙 𝑢𝑥2 𝜋𝑟 2 𝐶𝑙

(50)
4 1⁄4

𝐶𝑙 = 3.877𝐺 1⁄2 [𝑅𝑒𝑏−2 + (0.344𝐺 1⁄2 ) ]
𝑑𝑢

𝑟

𝐺 = | 𝑑𝑦𝑥 | 𝑢

𝑥
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(51)
(52)

The contact pressure [179] is:
𝜎

𝐹𝑐𝑝 = 2𝜋𝑟𝑏2 𝑟

(53)

𝑐

The total equation for bubble detachment in y direction can be written as:
4

1

3

4

∑ 𝐹𝑦 = − [ 𝜋𝑟 3 − 𝜋ℎ(3𝑎2 + ℎ2 )] 𝜌𝑔 𝑔 − 𝜋𝑟 2 𝜌𝑙 (𝑟𝑟̈ + 𝑟̇ 2 ) 𝑐𝑜𝑠 𝜃𝑖𝑛 + [ 𝜋𝑟 3 −
3
6
2
3
1
6

𝜋ℎ(3𝑎2 + ℎ2 )] 𝜌𝑙 𝑔 − 2𝑟𝑏 𝜎 𝜃

𝜋

1 −𝜃2

1

𝜎

(𝑐𝑜𝑠 𝜃2 − 𝑐𝑜𝑠 𝜃1 ) + 𝜌𝑙 𝑢𝑥2 𝜋𝑟 2 𝐶𝑙 + 2𝜋𝑟𝑏2
2
𝑟

𝑐

(54)

7.3 Results and discussion
Understanding the microfluidics in the pores of LGDLs and flow channels is vital for
promoting performance and optimizing design of the PEMEC. The results will also can be
used to validate the mathematics model in the future. Moreover, discovering the behavior
of microfluidics in micro pores/channels has lot of applications in energy, environment and
defense research fields.
The evolution and movement of gas bubble in a PEMEC involve four steps: initial
nucleation, growth, detachment and transport. To understand the evolution mechanisms of
gas bubble on an electrode surface in a PEMEC, the bubble growth and detachment model
that are developed in the above section is used to calculate and analyze the effects of
operating conditions and physical parameters on the oxygen bubble evolution behaviors on
a LGDL surface, including operating pressure, temperature, and current density. It is found
that when the oxygen bubble is caused by the electrochemical reaction and generated on a
triple-phase boundary site, cell operating conditions and structure parameters will have
significant effects on the bubble growth and detachment process and contribute
significantly to gas/liquid two-phase transport behaviors in a PEMEC.
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As shown in the model development, the variation of oxygen bubble radius with time can
be obtained by directly solving the equation (32). In order to get the detachment diameter
of oxygen bubble, equations (44) and (54) should be properly solved at two different
conditions. When ∑ 𝐹𝑥 > 0 and ∑ 𝐹𝑦 < 0, bubble will depart from the initial nucleation
site and slide along the LGDL surface. When ∑ 𝐹𝑥 < 0 and ∑ 𝐹𝑦 > 0, bubble will lift off
the LGDL surface. In the present model, a detachment diameter of oxygen bubble can be
obtained by performing an iterative computation to solve ∑ 𝐹𝑥 > 0 𝑜𝑟 ∑ 𝐹𝑦 > 0 . The
parameters used for modeling of bubble growth and detachment are shown in Table 7.1,
including PEMEC geometry, material and fluid properties, and general physical parameters.
7.3.1 Effects of parameters on the bubble growth
In a PEMEC, modeling the growth of gas bubble will provide a fundamental understanding
of gas removal mechanisms and the effects of gas/liquid two-phase flow. After solving
equation (32), modeling of oxygen bubble growth on a LGDL surface is investigated under
different initial conditions in this section, focusing on the effects of operating temperature,
operating pressure, and current density.
The present calculation is based on a theoretical model for the growth of a spherical gas
bubble. In this model, the gas bubble dynamics is controlled by ideal gas state equation and
Young-Laplace equation. It is assumed that all gas produced by the chemical reaction
enters the bubble. Since the initial stage of gas bubble growth is in a super short period, it
is still difficult to observe the process of its growth.
In a PEMEC, operating temperature and pressure play important roles on the cell
performance and efficiency. According to the electrochemical performance analysis of a
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Table 7.1 Parameters in calculation of bubble dynamics
Description, symbol

Value, unit

Liquid water density, 𝜌𝐻2 𝑂

998.2 𝑘𝑔/𝑚3 (𝑇 = 20 ° 𝐶)

Oxygen density, 𝜌𝑂2

1.1𝑘𝑔/𝑚3

Gravity acceleration, 𝑔

9.8 𝑚/𝑠 2

Liquid phase pressure, 𝑝𝑙

1.013×105 𝜇/𝑚2

Contact angle, 𝜃

70°

Liquid water dynamic viscosity, 𝜇𝑙

0.355×10−3 𝑘𝑔/(𝑚 ∙ 𝑠 )

Operating current, 𝑖

2.0 𝐴/𝑐𝑚2

Operating temperature, 𝑇

20 ° 𝐶

Faraday constant, 𝐹

96485.0 𝑐/𝑚𝑜𝑙

Gas constant, 𝑅

8.314 𝐽/(𝑚𝑜𝑙 𝑘)

Bubble pressure, 𝑃𝑏

1.01325×105 𝑃𝑎

Active area, 𝐴

5 𝑐𝑚2

Flow channel width (anode), 𝑤𝐴

1 𝑚𝑚

Flow channel depth (anode), 𝑑𝐴

500 𝜇𝑚

Flow channel width (cathode), 𝑤𝐶

1 𝑚𝑚

Flow channel depth (cathode), 𝑑𝐶

1 𝑚𝑚

Flow velocity of liquid water in channel, 𝑣

40 𝑚𝑙/𝑚𝑖𝑛

Bubble growth time, 𝑡𝑔

10 𝑚𝑠
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PEMEC, open circuit voltage, activation and diffusion over-potential, and ohmic loss are
closely related to the operating temperature. Calculations confirm that increasing the
operating temperature will decrease the total cell voltage and consequently improve the
PEMEC performance. Further analysis shows that the activation over-potential will
decrease with increasing the operating temperature, which might be related to gas/liquid
two-phase transport dynamics. In the present model, the bubble growth rate is closely
related to the operating temperature according to equation (32). Before we use this
mathematical model to predict the trend of bubble growth and detachment, the model is
computed and validated with our previous visualization experimental data. Figure 7.4
presents the comparison of the model data and experimental data for oxygen bubble growth
inside a PEMEC, under the same operation parameters. The numerical results obtained
from the model show good agreement with the experimental results.
As shown in Figure 7.5, the effects of cell operating temperature on the bubble growth
radius are presented with three different values of 20°C, 50°C, and 80°C. When the time is
equal to 10 ms, comparing bubble growth radius at a temperature of 20°C and at a
temperature of 80°C, the bubble radius at 80°C is larger than one at 20°C, but the difference
is relatively small. A similar trend can be obtained as the time gradually increases. For the
time of 10 ms, the bubble radius only increases by around 8.4 µm as the operating
temperature ranges from 20°C to 80°C. The results indicate that the operating temperature
has little influence on the oxygen bubble growth. Figure 7.6 shows that the effects of cell
operating pressure on the oxygen bubble growth radius. Three different pressure values
including 1 atm, 2 atm, and 4 atm are investigated. Comparing the effects of temperature,
it can be found that the cell operating pressure has a more significant influence on the
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Figure 7.4. Comparison of the modeling data and experimental data for oxygen bubble
growth in PEMECs.

128

Figure 7.5. Effect of temperature on oxygen bubble growth.
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Figure 7.6. Effect of pressure on oxygen bubble growth.
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oxygen bubble growth. For example, at the time of 10 ms, when the cell operating pressure
is set to 1 atm, the oxygen bubble radius is 131.4 µm. As the cell operating pressure
increases to 4 atm, the oxygen bubble radius is 82.8 µm. The result clearly shows that
higher pressure makes it more difficult for gas bubble to grow on a nucleation site.
To get further understanding into the process of bubble growth due to the electrochemical
reaction, the effects of current density on the bubble growth radius are examined.
According to equation (32), gas generation rate will change with the local current density.
Since the higher current density can result in more gas production caused by
electrochemical reaction, it can be expected that the gas bubble will grow bigger as the
current density become higher at the same time step. Figure 7.7 presents the time evolution
of bubble growth radius at three different current density parameters of 0.5 A/cm2, 1.0
A/cm2, and 2.0 A/cm2. It can be seen that current density has a significant influence on the
oxygen bubble growth. At a low current density of 0.5 A/cm2, the bubble radius is relatively
small due to slow process of electrochemical reaction. As the current density increases, the
electrochemical reaction in a CL will become faster and more gas will be generated from
a nucleation site, so the gas bubble radius increases. In practice, if the current density
continues to increase, more gas bubbles will be released from different nucleation sites.
Therefore, in an operating PEMEC, current density should be adjusted to properly control
the transport process of gas bubble.
7.3.2 Effects of parameters on the bubble detachment
The bubble detachment diameter is one of the most important parameters in the bubble
evolution process. It is difficult to be measured and captured by the experimental method
due to the complexity of operating condition and micro-structure in a PEMEC. This
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Figure 7.7. Effect of current density on oxygen bubble growth.
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section will discuss the effects of cell operating parameters and flow conditions on the
bubble detachment, obtained from the force balance analysis model developed in the
previous section. As shown in Figure 7.3, the bubble detach diameter can be predicted by
the previous mathematical model. There are two situations to define the detachment
diameter, one is the diameter of bubble immediately after the first sign of sliding from the
nucleation site, Σ𝐹𝑥 > 0, the other one is the lift off diameter, which is immediately after
the bubble detaches from the surface of catalyst layer, Σ𝐹𝑦 > 0. In this research, bubble
detach diameter is the one of those two situations which come first.
For a PEMEC, the total reaction area is 5 𝑐𝑚2 ( 5×10−4 𝑚2). In the present modeling, a
reaction area of 𝜋𝑟 2 is used to calculate the current, which makes the electrochemical
reaction and produces the gas for single bubble growth. Here, 𝑟 is the effective reaction
radius for bubble generation and growth. Generally, since LGDL pore diameter ranges
from around 100 to 1000 µm and a single bubble on the LGDL surface might be produced
or fed from multiple pores, it is reasonable to choose the reaction radius of more than 1000
µm when the pore diameter is around 1000 µm. In addition, it also should be noted that the
bubble detachment diameter observed from an experiment on a LGDL surface might be
much larger than one from theoretical calculation, this is because bubbles generated at
different nucleation sites could merge into a large bubble in an extremely short time and
then detach from the LGDL surface and it is still difficult to exactly measure the
detachment diameter of a single bubble from initial nucleation site inside a catalyst layer.
The following modeling results will present the bubble detachment characteristics on a
LGDL surface.
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Figure 7.8 and Figure 7.9 present the effects of cell operating temperature and pressure on
the bubble detachment. On one hand, since the velocity and acceleration of bubble growth
in the detachment model is determined from the present growth model, which is related to
cell operating temperature and pressure. On the other hand, the properties of gas and liquid
phase are strongly corrected to local temperature and pressure. For example, the water
dynamic viscosity is 1.002×10−3 𝑁 ∙ 𝑆/𝑚2 at 20°C and 1 atm. When the operating
temperature increases to 80°C, the water dynamic viscosity will be 0.335×10−3 𝑁 ∙ 𝑆/𝑚2 ,
at 1 atm. Therefore, it can be expected that the operating temperature and pressure will
have an important effect on the bubble detachment. As shown in Figure 7.8, when the
current density is 0.5 A/cm2, the detachment diameter of oxygen bubble changes relatively
small with increasing the temperature from 20°C to 80°C. As the current density increases,
the variation of bubble detachment diameter with temperature becomes relatively
significant and the detachment diameter increases as the operating temperature increases.
From the modeling results in Figure 7.9, the bubble detachment diameter will significantly
decrease as the operating pressure increases, which means that gas bubbles can be got out
of flow channel easier. Therefore, it can be concluded that a high-pressure operation
condition is beneficial to cell performance improvement.

7.4 Conclusion
To maintain the cell performance and efficiency, oxygen generated from reaction sites need
to be removed from the cell in time. Excessive gas, especially large amount of gas bubbles
in the microchannel and LGDL, can impede the liquid water transport and consequently
lead to low cell performance and efficiency. In this study, a mathematical model for oxygen
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Figure 7.8. Effect of temperature on the oxygen bubble detachment.
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Figure 7.9. Effect of pressure on the oxygen bubble detachment.
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bubble evaluation on the surface of anode LGDL in a PEMEC is developed. The model is
carried out to investigate the effects of important parameters including current density,
temperature, and pressure on the bubble growth and detachment. The results show that
operating parameters have significant effects on the bubble dynamic behaviors.
The visualization results in chapter 6 perfectly present the bubble nucleation, growth,
detachment and transport. The clips show bubbles nucleation near the edge of titanium
thin/well tunable LGDL, which meet the requirements of triple-phase boundary for
electrochemical reaction. In our experiments, the early stage of bubble growth is in a very
short period. And the experimental results validate the modeling results.
As the operating temperature, and current density increase, the bubble radius will become
larger at the same time step. While the bubble growth radius will get smaller with higher
operating pressure. All forces acting on a single growing bubble in the liquid water are
analyzed to calculate the bubble detachment diameters on the hydrophilic LGDL surface.
Modeling results show that the bubble detachment diameter will increase as the current
density increases and operating temperature, pressure.
Results obtained from the present model will provide fundamental understandings of
oxygen bubble evolution and gas/liquid two-phase transport behaviors in a PEMEC and
great insights into pore-scale multiphase transport mechanism, which will greatly help
optimize the cell mass transport process and performance. Future work will be conducted
on the modeling of bubble initial nucleation and evolution dynamics inside a CL coupled
with the polarization curve of PEMECs.
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CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
The performance of PEMEC is determined by activation overpotential, ohmic
overpotential and concentration overpotential. The mechanism of triple phase boundary
reactions inside an operating PEMECs have never been revealed before. This work
discovered the true phenomena of electrochemical reaction and microfluidics behaviors
inside microchannel of PEMEC in-situ for the first time by taking advantages of developing
a titanium thin/well tunable LGDL, designing and fabricating a novel transparent PEMEC
and setting up a long working distance high-speed and micro-scale visualization system.
To develop a LGDL with good performance and optical access through the LGDL, this
work tried stainless steel woven mesh LGDL, additive fabricated titanium LGDL and
titanium thin/well tunable LGLD. And found out that titanium thin/well tunable LGDL
meet our requirements.
During the testing of stainless steel woven mesh LGLDL, the performance suddenly gets
significantly drop. After characterization and compared the fresh LGDL and tested LGDL.
We found out that there is serious corrosion inside anode of PEMEC. For a better
understanding of the corrosion mechanisms and ion transitions in electrochemical devices,
a stainless-steel mesh was purposely used as anode gas diffusion layer and was operated in
a PEMEC with intentionally higher positive potentials under harsher oxidative
environments. Large amount of iron is found to transport from anode to cathode, through
the anode catalyst layer, the proton exchange membrane and the cathode catalyst layer.
The formation of iron oxide and nickel oxide on single carbon fibers of a carbon paper gas
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diffusion layer on the cathode side is observed by both scanning electron microscope and
x-ray diffraction. A visual comparison between SEM images shows that high levels of
oxidation occur in PEMECs at room temperature, especially at the anode side. The XRD
pattern not only identifies the mechanism of oxidation on LGDLs, but also tracks the
transportation pathways of corrosion from the anode to the cathode through the membrane
along with SEM. The results indicate the corrosion elements of iron and nickel are
transported from anode to cathode across through the catalyst-coated membrane, and
deposited on carbon fibers. The test method and characterization have been demonstrated
to be an effective approach to investigate corrosion mechanisms (transport and reformation)
across MEAs in both quantitative and qualitative aspects. The addressed method could also
open a new opportunity to fabricate multifunctional devices with single carbon fiber. In
addition, this study has demonstrated a new accelerated test method, which can be easily
for investigating the electrochemical corrosion and durability of various metallic materials.
For additive manufacturing titanium LGDL, a novel low-cost technique of the electron
beam melting (EBM) additive manufacturing for fabricating titanium liquid/gas diffusion
media with high-corrosion resistance and well-tunable multifunctional parameters,
including two-phase transport and improved electric/thermal conductivities, has been
demonstrated for the first time. Their applications in proton exchange membrane
electrolyzer cells have been explored. By taking advantage of the additive manufacturing,
the EBM technology makes it possible to fabricate a three-dimensional and complicated
object of virtually any shape from a digital model faster, cheaper, and easier than
conventional methods, especially for titanium. In addition, compared with conventional
woven LGDLs, increased performance and efficiency of up to 8% at room temperature
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with EBM Ti-6Al-4V LGDLs is obtained due to their significant reduction of ohmic losses.
More importantly, this process can enable manufacturing of LGDLs with control of pore
size, pore shape, pore distribution, and therefore porosity and permeability, which will be
valuable in developing sophisticated PEMEC models, which will in turn allow the
optimization of the LGDL for maximum performance. Further, it will lead to a
manufacturing solution to couple the LGDLs with other parts, since they can be easily
integrated together with this advanced manufacturing process. Further optimal
investigations and improvements of the EBM Ti-6Al-4V LGDLs and other components
are underway.
Titanium thin and well-tunable liquid/gas diffusion layers (LGDLs) with flat interfacial
surfaces are developed and are introduced into a PEMEC for the first time, and exhibit
superior multifunctional performance over conventional LGDLs. Based on the
electropotential performance tests, the operating voltages at a current density of 2.0 A/cm2
were as low as 1.69 V with an efficiency of up to 87.80%. In order to gain better
understanding the mechanisms, both the ex-situ and in-situ characterizations were
conducted and they showed the thin and well-tunable LGDL with flat surface features
remarkably reduced its total resistances, and significantly promoted the PEMEC
performance and efficiency by over 9%. It has also been shown that the total ohmic
resistance plays a dominant role in the PEMFC performance, and a better efficiency can be
obtained by reducing the LGDL thickness and further enhancing interfacial contacts
between LGDLs with other components. In addition, the LGDL thickness reduction from
300 µm of conventional LGDLs to 25 µm will greatly decrease the weight and volume of
PEMEC stacks, which can lead to new directions for future developments of low-cost
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PEMECs with high performance. Its well-tunable features, including pore size, pore shape,
pore distribution, and thus porosity and permeability, will be very valuable to develop
PEMEC modeling and to validate simulations of PEMECs with optimal and repeatable
performance.
After developed a desirable LGDL, we also designed and fabricated a transparent PEMEC
and in-house assembled a long working distance high-speed, micro-scale visualization
system. This set up help us able to optical access the surface of catalyst layer of PEMEC
and capture rapid and micro-scale phenomena of electrochemical reaction and
microfluidics behaviors.
The real situation of electrochemical reaction locations in operating PEMECs are revealed
for the first time by developing a reaction-visible PEMEC, a thin-film with LGDL with
known internal morphology, and high-speed and micro-scale visualization system.
Surprisingly, reactions preferentially occur on the catalyst layer and LGDL interfaces,
indicating most of the catalysts loaded on catalyst layers do not function and are thus
wasted. A preliminary result from PEMEC with a novel fabricated catalyst layer has
substantiate this visualization results and assumption. Further understanding this real
situation in nano or crystallize scale will help to optimize catalyst layer and LGDL designs
and fabrications, which will significantly reduce the cost of the PEMEC and speed up its
wide commercialization as one of the most efficient way of producing hydrogen and energy
storage.
In this study, besides the real phenomena of oxygen evolution reactions were revealed for
the first time in a novel designed transparent PEMEC coupled with a high-speed and microscale visualization system (HMVS). From the captured photos and clips, the relationship
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between oxygen evolution reaction sites and current density was revealed. The oxygen
evolution reaction sites only along the rim of pore of titanium LGDL. With the increasing
of the current density, the number of oxygen evolution reaction site also increased. This
research captured different flow pattern of microfluidics in microchannel and inside the
pore of LGDL under different operating parameters such as current density, temperature
and pressure.
To maintain the cell performance and efficiency, oxygen and hydrogen generated from
reaction sites need to be removed from the cell in time. Excessive gas, especially large
amount of gas bubbles in the flow channel and LGDL, can impede the liquid water
transport and consequently lead to low cell performance and efficiency. In this study, a
mathematical model for oxygen bubble evaluation on the anode LGDL surface of a
PEMFC is developed. Then the model is carried out to investigate the effects of important
parameters including current density, temperature, pressure, flow velocity and contact
angle on the bubble growth and detachment. The results show that operating parameters
have significant effects on the bubble dynamic behaviors. Based on the results of
mathematical model of bubble growth and detachment, as the operating temperature, and
current density increase, the bubble radius will become larger at the same time step. While
the bubble growth radius will get smaller with higher operating pressure. All forces acting
on a single growing bubble in the liquid water are analyzed to calculate the bubble
detachment diameters on the hydrophilic LGDL surface. Modeling results show that the
bubble detachment diameter will increase as the current density increases and operating
temperature, pressure.
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The phenomena of triple-phase boundary reactions, behavior of two-phase flow, and
dynamics of oxygen bubble evolution captured on catalyst layer inside the microchannel
of an operating PEMEC can help to understand the behavior of electrochemical reactions
and microfluidics in PEMECs, which can aid to optimize the design of cells, and
consequently improve performance and efficiency of PEMECs. The future work will focus
on the quantification investigation of oxygen bubble evolution and modeling of two-phase
microfluidics in PEMECs. The effects of property of material, such as porosity and pore
size of LGDLs, the land channel ratio, channel size, wettability of each layer; and behavior
of microfluidics will be also investigated coupled with the performance and impedance.
The modeling of bubble initial nucleation and evolution dynamics inside PEMECs will be
studied. The results will provide fundamental understandings of gas/liquid two-phase
transport behaviors in a PEMEC and great insights into pore-scale multiphase transport
mechanism, which will greatly help optimize the cell mass transport process and
performance.
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